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Abstract

Parenteral nutrition (PN) can be composed of about 50 different ingredients, whereof the

majority are amino acids (AA). Therefore, PN represents a complex and high-risk fabrication.

Medication errors (ME) are often related to PN and may include prescription, transcription,

preparation, and administration errors. As the treatment with PN is indispensable for a good

cerebral and neurologic development as well as a postnatal weight gain conforming to the

intrauterine growth, ME can result in growth retardation, developmental disturbances, and

infections. With the aim of reducing ME potentially having an impact on vulnerable patients as

well as the improvement of the security and quality of the nutritional treatment of newborn

term or preterm infants, a standardized pediatric PN for the first days of life had to be

implemented. A working group composed of pharmacists, clinicians, neonatologists, and

industrials developed a PN solution conforming to the needs of the two implicated neonatal

services. A standardized and experiential solution, as well as the ESPGHAN guidelines of

2018 haven been chosen as references. The [...]
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Preamble  

From January 2015 to December 2020, I had the opportunity to discover all aspects of 

an industrialized parenteral nutrition, from its conception, over its production to its 

application. Therefore, I worked closely together with pharmacists, pharmacy 

technicians, laboratory staff, industrials, neonatologists and nurses.  

This manuscript embodies my doctoral thesis with the title “The Development of a 

Standardized and Industrialized Pediatric Parenteral Nutrition for the First Days of Life 

of Newborn Term and Preterm Infants and its Implementation as Standard of Care”.  

I was able to accomplish this project at the department of pharmacy of the Lausanne 

University Hospital and at the pharmaceutical development unit of B. Braun Medical in 

Crissier, Switzerland. I also collaborated constantly with the neonatal unit of the 

department Woman-Mother-Child of the Lausanne University Hospital as well as the 

department of pharmacy of the Geneva University Hospital. 

On the following pages of Chapter 1, the state of knowledge and other important 

aspects on the concerned patients as well as on parenteral nutrition are presented. 

Chapter 2 resumes the objectives and aims of the research topic as well as the different 

studies and projects performed during the thesis.  

All accepted and published articles on this topic are presented in Chapter 3 and 

additional scientific evaluation and groundwork contributing to the outcome of this 

thesis are resumed in Chapter 4.  

Moreover, to close the thesis, Chapter 5 contains the general conclusion and 

perspectives for the future.   
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1.1 Newborn infants 

The World Health Organization (WHO) defines newborn infants or neonates as babies 

under 28 days of age [1].  

Preterm infants are babies born before the completion of 37 weeks of pregnancy and 

are further categorized based on the gestational age (GA) [2]: 

 extremely preterm   <28 weeks 

 very preterm    28 to 32 weeks 

 moderate to late preterm  32 to 37 weeks.  

Neonates born at term as well as preterm infants can additionally be classified 

conforming to their body weight at birth [3]: 

 Threshold of viability    <750 g 

 Extremely low birth weight  ELBW <1’000 g 

 Very low birth weight  VLBW ≥1’000 g and <1’500 g 

 Low birth weight  LBW ≥1’500 g and <2’500 g 

 Normal birth weight   >2’500 g 

 Macrosomia    >4’000 g 

All newborn babies, including LBW neonates as well as normal weight infants, are at 

highest risk of dying within the first 28 days of life, so it is crucial to provide appropriate 

care which includes adequate feeding [1]. 

 

1.1.1 Neonatal care 

The European Foundation for the Care of Newborn Infants (EFCNI) as well as the Swiss 

Society of Neonatology (SSN) define three different levels of neonatal care [4], [5]: 

 Level I: Basic Neonatal Care 

A newborn nursery in a maternity hospital without on-site pediatric services. The 

pediatrician or the head of the maternity unit are responsible for the care of 
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newborns. Before discharge, every baby must be examined at least once by a 

pediatrician. 

 Level IIA: Neonatal Special Care Unit 

Provides care for moderately ill term and preterm infants ≥34 0/7 weeks and a 

birth weight ≥1’500 g as well as continuous care for convalescent infants ≥32 0/7 

weeks. 

 Level IIB: Neonatal Intermediate Care Unit 

Provides cares for moderately ill term and preterm infants ≥32 0/7 weeks and a 

birth weight ≥1’250 g as well as continuous care for convalescent infants ≥30 0/7 

weeks. 

 Level III: Neonatal Intensive Care Unit (NICU) 

Perinatal care for a given population is organized around a tertiary perinatal 

center composed of a level III obstetrical unit and a level III neonatal unit, located 

preferably in the same building. The minimum critical mass of births/year per 

region (perinatal network) is 5’000 births which corresponds to the requirement 

for a minimum of five neonatal intensive care beds. 

In addition to the functionalities of level I and II, all critically ill newborn infants 

are being referred to a NICU, preferably before birth if the problem can be 

anticipated. 

The NICU takes care of all neonatal pathologies from birth on and at least until 

the end of the neonatal period (28 days after birth or completed 44 

postmenstrual weeks for preterm infants). 

The neonatology unit of the Centre Hospitalier Universitaire Vaudois (CHUV) is classified 

as a NICU of level III. In 2019, more than 3’200 births took place in the maternity 

department. In 2015, a total of 736 neonatal patients have been admitted in the NICU, 

whereof 50% were premature newborns. With a total of 40 beds for its’ neonatal 

patients, the CHUV’s neonatology is the biggest in Switzerland. 
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1.1.2 Prematurity 

As discussed previously, preterm infants are neonates born before the completion of 

the 37th week of pregnancy. Worldwide, of the 130 million babies born every year, more 

than 10% are born too soon [6]. 

Prematurity and related complications are the main cause of child mortality before five 

years of age (under-5 mortality) [7].  

 

1.1.2.1 Risks of preterm birth 

In 50% of preterm births, reasons and causes of early delivery are still unknown. For the 

other 50%, risk factors include multiple pregnancy, health conditions in the mother and 

are of behavioral and psychosocial nature [6], [8]–[10].  

Examples for health conditions having an influence on delivery labor are maternal 

diseases (e.g. high blood pressure, diabetes), infections during pregnancy, genetic 

predispositions, in-vitro fertilization, maternal age of <18 and >35 years and others.  

Behavioral influences are for example alcohol, tobacco and/or drug consume, 

nutritional complications like excess or short weight, as well as intense physical exertion.  

Psychosocial factors are amongst others, stress, negative-impact life events, chronic or 

catastrophic stress exposures and emotional conditions like anxiety and depression. 

 

1.1.2.2 Complications of prematurity 

Preterm birth is associated to a developmental immaturity, which affects a wide range 

of organ systems and can be differentiated in short-term and long-term outcomes [10]–

[13]:  

 Short-term complications: 

- Lungs and respiratory system (e.g. respiratory distress, 

bronchopulmonary dysplasia) 
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- Gastrointestinal system (e.g. necrotizing enterocolitis) 

- Skin (e.g. hypothermia)  

- Infections and the immune system (e.g. late-onset sepsis, bacterial 

infections) 

- Cardiovascular system (e.g. patent ductus arteriosus) 

- Hematologic system (e.g. intraventricular hemorrhage) 

- Auditory system and hearing 

- Ophthalmic system and vision (e.g. retinopathy) 

- Central nervous system 

 Long-term outcomes: 

- Neurodevelopment impairment (e.g. impaired cognitive skills, motor 

deficits, cerebral palsy, sensory impairment, behavioral and 

psychological problems) 

- Chronic health issues (e.g. chronic kidney disease, hypertension, high 

blood pressure) 

- Growth impairment 

- Impairment of lung function (e.g. asthma)  

To prevent and reduce risks of short-term complications and long-term outcomes, initial 

stabilization of a preterm infant in the delivery room as well as adequate treatments in 

the first days, weeks and months of life of preterm infants are essential and 

fundamental.  
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1.2 Parenteral Nutrition 

For patients identified for having nutritional deficiencies, an overall nutritional care plan 

that includes detailed nutritional assessment should be established [14]. The first choice 

of feeding methods is the oral route. If this is not sufficient or contraindicated, patients 

necessitate enteral nutrition (EN) feeding by oro- or nasogastric tubes as first artificial 

alternative. Only if this alternative is still not sufficient to achieve the nutritional 

requirements, parenteral nutrition (PN) is inevitable.  

PN is the artificial, intravenous feeding of patients, bypassing the usual process of oral 

food intake, the gastrointestinal tube as well as the digestion.  

“The purpose of parenteral nutrition is to correct or prevent nutritional 

deficiencies when adequate enteral nutrition is precluded by impairment or 

immaturity of gastrointestinal function.”[14]  

Nutritional needs are defined as the amount and chemical form of a nutrient needed to 

support normal health, growth and development without disturbing the metabolism of 

other nutrients [15]. 

PN can be complementary to EN, therefore, enteral feeding should be introduced as 

soon as possible and should be privileged whenever feasible [16]–[18]. 

When no other route of enteral feeding is available, patients may be fed by PN 

exclusively. In this case patients are treated with a total PN (TPN). Patients that can 

receive EN, by oral route or tubing, may still need support, which is provided by the so 

called partial PN treatment, to complete their nutritional needs [19]. 

 

1.2.1 History of parenteral nutrition 

[Vinnars 2003 [20], Dudrick 2009 [21], Nakayama 2017 [22]] 

The first step towards the development of parenteral nutrition was published in 1628 

by William Harvey who discovered the blood circulation. This discovery formed the basis 

for future studies on intravenous injections and infusions. In 1665, Sir Christopher Wren 
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first injected wine, ale and opiates in a dog and noticed that their injection result in the 

same effects as given orally. The first lipid infusion in form of olive oil was given to a dog 

in 1712 by William Courten. This abortive test showed the need for a special or modified 

lipid form for intravenous administration.  

With the severe cholera epidemic from 1831 to 1832, an important step in the 

development of intravenous infusions was made. For the first time, water and salts were 

infused to patients by the Scottish physician Thomas Latta. This case demonstrated that 

nutritional deficiencies can be compensated by appropriate replacement solutions.  

In 1873, Edward Hodder tested once more to intravenously administer fats in form of 

milk. Only two thirds of the patients survived this attempt which led to the abandoning 

of this idea. This and other studies confirmed the earlier observation of Courten in 1712 

that unmodified fats could not be given to patients intravenously. Another painful and 

therefore unusable method was tested by Paul Friedrich in 1904. He tried to supply 

parenteral nutrients like fat, glucose and electrolytes by a subcutaneous infusion.  

The Swedish scientist Arvid Wretlind, for his many developmental contributions to PN 

administration also called the “father of complete parenteral nutrition”, together with 

Oscar Schuberth developed and introduced the first nontoxic fat emulsion composed of 

soy-bean oil and egg yolk phospholipids, called Intralipid, in 1961.  

Stanley Dudrick demonstrated in 1968 that nutrients can be safely administered over an 

extended period through a catheter placed in the superior vena cava. This was an 

important step towards the parenteral nutrition of today.  

 

1.2.2 Composition of parenteral nutrition 

[Bouchoud 2011 [23], Velaphi 2011 [24], EFCNI [25]] 

The composition of PN solutions is variable conforming to patients’ needs. PN is 

principally composed of (Figure 1):  
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 Three macronutrients 

- Energy:  glucose and lipids 

- Proteins:  amino acids (AA) 

• Three classes of micronutrients 

- Electrolytes:  calcium, sodium, potassium, magnesium, phosphate and 

chloride 

- Vitamins 

- Trace elements 

• Essential fluid intake is provided by water addition. 

 

Figure 1: Composition of parenteral nutritioni 

 

Two types of PN can be delivered: 

 Binary PN containing water, AA, glucose, electrolytes, vitamins and trace 

elements 

 Ternary PN containing the same ingredients as binary PN plus a lipid emulsion in 

one infusion bag. 

 

                                                      
i https://www.efcni.org/wp-content/uploads/2019/01/2018_12_03_Parenteral-
nutrition_Factsheet_english_Web.pdf (accessed: August 30, 2020) 

https://www.efcni.org/wp-content/uploads/2019/01/2018_12_03_Parenteral-nutrition_Factsheet_english_Web.pdf
https://www.efcni.org/wp-content/uploads/2019/01/2018_12_03_Parenteral-nutrition_Factsheet_english_Web.pdf
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1.2.3 Individualized versus standardized parenteral nutrition 

For several decades, the opinions about the question whether to individualize or 

standardize PN, especially for neonates, differ a lot. This debate does not only concern 

nutritional specialists and pharmacists on different continents or in distant countries, 

but also within one country. An example is Switzerland with a total of five university 

hospitals, where standardized PN for neonatal patients was used for several years in 

some university hospitals and in others, this practice was effectively refused for a long 

time.  

For neonatal patients, it is known, that the implementation of standardized feeding 

guidelines reduces nutritional practice variation and facilitates postnatal growth and 

improved clinical outcomes [15]. Guidelines on pediatric parenteral nutrition (PPN) 

compiled by the European Society for Paediatric Gastroenterology, Hepatology and 

Nutrition (ESPGHAN) in collaboration with the European Society for Clinical Nutrition and 

Metabolism (ESPEN), supported by the European Society for Paediatric Research (ESPR) 

and together with the Chinese Society of Parenteral and Enteral Nutrition (CSPEN), also 

recommend to prefer the use of standardized over individualized PPN “[…] to improve 

patient safety (minimize procedural incidents) and optimize resource efficiency at the 

same time as providing clinically appropriate nutrition (meeting individual patient 

requirements).” [26] The corresponding guidelines established by the American Society 

for Parenteral and Enteral Nutrition (ASPEN) also “[…] address the standardization of 

practices surrounding PN to improve care and to limit medication errors.” [27] 

For adults, the feasibility of PN standardization is less difficult. This is due to the 

established body composition which is the challenging factor for pediatric patients 

(Figure 2) [28]. Additionally, for pharmaceutical companies, the development of adult 

PN is more interesting as the number of patients to be treated with is much higher.  
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Figure 2: Changes in body composition with growth and agingii 

 

Since the introduction of the first All-in-One PN system (AIO) in 1972 by Solassol et al. 

[20], all kinds of standardized parenteral nutrition for adult patients have been 

developed by specialized pharmaceutical industries. AIO admixtures simplify parenteral 

nutrition usage and decrease line infection rates by reducing the contamination 

probability [19]. Additionally, several studies demonstrate that AIO systems provide 

simpler prescription, save time and reduce workload and costs as the preparation time 

including a physician’s prescription, nurse’s administration and preparation and 

pharmacist’s PN compounding is reduced [19], [29], [30]. All these reasons lead to a 

routinely usage of standardized AIO PN solutions for adults as promoted by the ESPEN 

guidelines on parenteral nutrition [31]. Only few exceptions exist where individually 

compounded PN is necessary to meet nutritional requirements (e.g. severely burned 

patients [32]). 

Companies like Baxter International, USA, Fresenius Kabi AG, Germany and B. Braun 

Medical AG, Germany, constantly evolved and advanced the production of standardized 

PN, especially for adult patients but also for children from two years of age and above. 

                                                      
ii https://clinicalgate.com/paediatrics-3/ (accessed: September 2, 2020) Adapted from Puig M, Body 
composition and growth. In Walker WA. Watkins JB, eds. Nutrition in pediatrics. 2nd edn. Hamilton, 
Ontario, BC: Decker, 1996  

https://clinicalgate.com/paediatrics-3/
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In Switzerland, the only commercially available PN solution for neonates is 

manufactured by Baxter International, USA (Numeta® Neo [33]) which is further 

discussed in Section 1.3.1.  

Due to the constantly changing body composition of infants (Figure 2) and the resulting 

varying nutritional requirements [23], [24], [34]–[40], the standardization of PN is more 

complicated for these patients [28]. But still, the ESPGHAN/ESPEN/ESPR/CSPEN highly 

recommend the use of standardized over individualized PN mainly for security reasons 

[26].  

Contrary to standardized PN, individual compounded PN provide patient-specific 

nutritional requirements according to energy, volume and substrate needs. This might 

be necessary for critically ill and metabolically unstable patients (abnormal fluid and 

electrolyte losses) or infants requiring PN for prolonged periods (e.g. short bowel 

syndrome) [26].  

Individual or “à la carte” PN preparations must be compounded aseptically for 

intravenous administration. The best choice for this high-risk preparation is the 

delegation to the hospital pharmacy following current good manufacturing practice 

(GMP) guidelines. One of the several aims of these guidelines is to minimize the risks of 

particulate or microbial contamination of the product. 

“[…] The manufacture of sterile products should be carried out in clean areas, 

entry to which should be through airlocks for personnel and/or for equipment 

and materials. […] The various operations of component preparation, product 

preparation and filling should be carried out in separate areas within the clean 

area.” [41], [42] 

For both, standardized and individualized PN, advantages and disadvantages exist (Table 

1). For each patient requiring PN treatment, an assessment of the benefit-risk balance 

must be performed prior to PN ordering.  
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Table 1: Advantages and disadvantages of standardized and individual parenteral nutrition 

Standardized parenteral nutrition Individual parenteral nutrition 

Advantages 

Less prescribing errors  Patient-specific composition 

No transcription needed Adaptation of changing  
nutritional needs 

Extensive quality controls  

Provision of adequate nutrition [43]  

Availability 24/7 and ready-to-use  

Less manipulation  less infections  

Long stability  

Easy storage at room temperature  

Reduced costs  

Disadvantages 

Non-consideration of changing 
nutritional needs 

Prescription and  
transcription errors 

Adaptation necessary if stability data 
available 

Preparation errors 

Manipulation for adaptation  risk for 
infection 

Delivery delay 

Lack of availability of industrial PN for 
neonatal and pediatric patients 

Refrigerated storage (2-8°C) 

 Short stability 

 

It is obvious that advantages of standardized PN outbalance those of individual PN. The 

number of disadvantages is almost the same for both types of PN but of complete other 

nature. The disadvantages of standardized PN can be reduced by the development of 

new formulations to be made available. Those of individualized PN concern 

organizational aspects which are more difficult to resolve.  
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1.2.4 Techniques and methods of preparation 

Parenteral nutrition can be prepared in different ways. In any case, the final product 

must be sterile and non-pyrogenic for intravenous administration. To achieve these 

requirements, the PN solution must either be prepared aseptically or undergo a final 

sterilization.  

For the first method of aseptic production, the solution must be prepared under aseptic 

conditions following the GMP guidelines [41], [44] and in accordance with the 

international standard ISO 14644-1 formulated by the International Organization for 

Standardization [45]. This means that compounding must be performed in a grade A 

laminar air flow (LAF) hood placed in a grade B cleanroom. To achieve a sterile final 

product, the raw materials must be sterile as well.  

The method of final sterilization can either be performed by filtration through a pore 

size of 0.22 µm or less or by autoclaving (heat steam sterilization). Both methods can 

only be performed if the products are suitable for this manipulation in terms of 

structural and thermal stability. If possible, autoclaving should be preferred to assure a 

sterile final product. Due to the final sterilization, raw materials do not necessarily have 

to be sterile. The preparation of products undergoing a final sterilization should be 

performed in a grade D and the filling should be carried out at least in a grade C 

environment [41].  

 

1.2.4.1 Hospital 

Aseptic products prepared in a hospital pharmacy can be realized by means of three 

different types of preparation depending on their field of application.  

1.2.4.1.1 Formula magistralis 

The Federal Act on Medicinal Products and Medical Devices of the Therapeutic Products 

Act of Switzerland defines a “formula magistralis” as follows:  

“Medicinal products prepared according to a doctor’s prescription by […] a 

hospital pharmacy, […] and for a given person or group of persons […].” [46] 
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Individually compounded PN belong to this category of hospital preparations. It is 

prepared following a medical order for one given patient. For this reason and because 

of the small number of preparations, the production must be performed aseptically to 

achieve and deliver a sterile product.  

No analytical tests on the final product are mandatory for this preparation method as 

far as the manufacturing process has been validated [41]. 

1.2.4.1.2 Formula officinalis 

A “formula officinalis” is defined by the Federal Act on Medicinal Products and Medical 

Devices as follows:  

“Medicinal products prepared as required or on a small industrial scale by […] a 

hospital pharmacy, […] conforming to a special monograph of the 

Pharmacopoeia or another pharmacopoeia or a formulary recognized by the 

Agency [Swissmedic – Swiss Agency for Therapeutic Products], and which are 

supplied to their own customers.” [46] 

This preparation method requires physical, chemical and/or microbial analyses 

corresponding to the type of product to confirm quality. 

1.2.4.1.3 Formula Hospitalis 

Article 9 section 2 cbis and 2bis of the Therapeutic Products Act declare that medicinal 

products are exempt from marketing authorization:  

“[…] for which it is proven that there is no authorized or available alternative 

medicinal product that is applicable and equivalent and which are manufactured 

in a hospital pharmacy in accordance with the hospital’s own pharmaceuticals 

list, on a small industrial scale, and are intended for dispensing to its own 

customers.” [46]  

For the case of a standardized PN that can be given to several different patients, a batch 

production will be performed. This kind of production allows to prepare a higher number 
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of infusion bags at the same time and to be delivered to the units that distribute them 

to patients when needed.  

In 2011, this kind of medicinal product has been defined as “formula hospitalis” [47], 

[48] and is unique in Switzerland. A manufacturing license to produce medicinal 

products must be issued to the manufacturing establishment. A production of “formula 

hospitalis” products on a small industrial scale can either be performed by an authorized 

hospital pharmacy or an industrial manufacturer.  

 

1.2.4.2 Industry 

Advantages of an industrial production are multiple. Products provided by the industry 

are of higher quality due to the obligation, but also the availability of facilities for the 

performance of extensive quality controls. Shelf life assessment is performed by 

multifactorial testing such as temperature, humidity and light conditions in real-time or 

as stress test, permitting early predication of the final stability. The aim of a long stability 

and easy storage conditions are the reduction of new productions and the prevention 

of wastage. Other interests for the hospital are the 24/7 availability of the product, the 

reduction of workload and resources economies. 

1.2.4.2.1 Formula Hospitalis 

As described in Section 1.2.4.1.3, a “formula hospitalis” can also be prepared by an 

industrial manufacturer without the need to apply for a marketing authorization. The 

important advantage contrary to a marketing authorization is that big numerical 

productions (limited to 3’000 packs containing a maximum of 90’000 unit doses) can be 

externalized from the hospital pharmacy to a contractual industrial partner without the 

exigence to perform clinical trials [46], [47].  

A disadvantage manly for the industrial partner might be that the exemption from 

marketing authorization is only applicable in Switzerland and the product can therefore 

not be sold in other countries. If this is the objective of an industrial production, the 
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normal route for commercializing with marketing authorization for the final product 

must be taken.  

1.2.4.2.2 Commercialization with marketing authorization 

To obtain a marketing authorization for a medicinal product, the company applying for 

it must produce and show the following documents to the Agency Swissmedic [46]: 

1. Results of physical, chemical, galenic and biological or microbiological tests 

(chemistry, manufacturing and control (CMC) file) 

2. Results of pharmacological and toxicological tests and clinical trials, including all 

results from trials in specific population groups 

3. Therapeutic effects and the undesirable effects 

4. The labelling, the information supplied about the medicinal product, the 

dispensing method and method of administration, 

5. An assessment of the risks and, if necessary, a plan for their systematic recording, 

investigation and prevention (pharmacovigilance plan) 

6. The pediatric investigation plan. 

For a new PN formulation, a simplified authorization procedure might be applicable 

since it concerns:  

“[…] medicinal products whose active substances are used in a medicinal product 

which […] has been authorized as a medicinal product for at least 10 years in at 

least one European Union (EU) or European Free Trade Association (EFTA) 

country and which is comparable in terms of indications, dosage and method of 

administration.” [46]  

In this case, the above-mentioned requirement numbers 1-4 must still be produced but 

the data for number 2 may be replaced by a compilation of equivalent scientific 

evidence. 

Independent of the procedure to be followed, the application for a marketing 

authorization is time-consuming and cost intensive. The anticipated profit must 

outbalance the investment.  
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1.2.5 Stability of standardized parenteral nutrition 

The difficulties in standardizing parenteral nutrition solutions are not only related to the 

body composition and the varying nutritional requirements of the concerned patients. 

The problem is furthermore to define a PN formulation, which corresponds to the 

current nutritional guidelines and to the physicians’ practices. There are also challenging 

physicochemical factors influencing the stability of PN solutions. PN admixtures contain 

up to 50 different components, whereof the majority are AA, that may react with each 

other. Additionally, the step of mixing all components of the different compartments 

must be considered for stability and shelf life assessment. 

 

1.2.5.1 Physical instability 

The most important impairments of physical stability are the lipid or oil-in-water 

emulsion deterioration as well as the precipitation of particulates [49]. 

1.2.5.1.1 Lipid emulsion deterioration 

Lipid emulsions are thermodynamically unstable and the two phases tend to separate 

over time [50], [51]. Favoring factors of this instability are low pH and high concentration 

of positively charged ions [52]. Both factors can be eliminated by separating lipids from 

glucose, responsible for a low pH especially after sterilization in an autoclave and 

electrolytes, responsible for positively charged ions [52].  

Figure 3 illustrates the different ways of deterioration (creaming, flocculation, 

coagulation) of a lipid emulsion before the total phase separation by coalescence. The 

three first phases of lipid deterioration are to some extent normal emulsion aging and 

are reversible by agitation and therefore do not influence the quality.  

To prevent this stability issue, most of the time, binary PN and separate lipids for Y-

connector set administration are prepared.  
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Figure 3: Lipid emulsion deterioration possibilitiesiii 

 

1.2.5.1.2 Calcium phosphate precipitation 

The well-known phenomenon of precipitation of calcium phosphate (Ca3(PO4)2) is the 

most important physical incompatibility in PN. Influencing factors are the composition 

and concentration of AA and glucose, pH of the final solution and temperature and 

duration of storage. Nevertheless, the main favoring reason for precipitation is the use 

of inorganic salts such as calcium chloride (CaCl2) and dibasic sodium phosphate 

(Na2HPO4). The resulting Ca3(PO4)2 is insoluble and may result in catheter occlusion [53]–

[55].  

To prevent this precipitate formation, organic salts of calcium and phosphate should 

generally be used. This practice has been standard for several years because higher 

concentrations can be added to PN solutions to achieve patients’ requirements. 

Examples for organic salts are calcium gluconate or calcium glubionate and sodium 

glucose-1-phosphate or sodium glycerophosphate [38], [53]–[57].  

                                                      
iii http://soft-matter.seas.harvard.edu/index.php/Emulsions (accessed: September 3, 2020) 

http://soft-matter.seas.harvard.edu/index.php/Emulsions
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1.2.5.1.3 Trace element interaction 

Trace elements are known to interact with AA, for example copper and cysteine can 

form precipitates [50], [52]. As they are not required for every patient treated with PN, 

they are systematically added to the PN solution just before administration, if needed. 

 

1.2.5.2 Chemical instability 

The chemical stability is mainly influenced by AA and vitamin degradation as well as lipid 

peroxidation. External factors that promote this degradation are light, oxygen and 

temperature [52], [58]. In the case of industrial manufactured, standardized PN, the 

absence of oxygen as well as the choice of duration and temperature adjustment for the 

sterilization by autoclaving are crucial factors to avoid degradations. 

1.2.5.2.1 Amino acid degradation 

In contact with glucose, furnishing reducing sugar and at low pH or high temperatures, 

AA react beneath others to melanoidin, which is responsible for the typical yellow-

brownish coloration of PN solutions. This reaction is called the Maillard reaction (Figure 

4) and was first described in 1912 by the chemist Louis Camille Maillard. This reaction 

should be prevented to assure stability in both, standardized and individual PN, because 

their intravenous effects are not well explored yet [50], [59].  

 

Figure 4: Maillard reactioniv 

 

Additionally to the Maillard reaction, some AA are easily oxidized. One example is 

cysteine, which transforms to the insoluble cystine in presence of oxygen. Even the more 

                                                      
iv https://www.laborjournal.de/rubric/cooking/artikel/c_18_09.php (accessed: September 4, 2020) 

Melanoidin 

https://www.laborjournal.de/rubric/cooking/artikel/c_18_09.php
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stable precursor N-acetylcysteine (NAC) is oxidized to its dimer N,N-diacetylcystine 

(DAC). Both reactions are almost irreversible [60]–[63]. In this case, the reduction of 

oxygen concentration within the solution and the primary packaging for hospital 

compounded PN as well as within the secondary packaging for industrially produced and 

autoclaved PN is of high importance.  

1.2.5.2.2 Lipid peroxidation 

The oxidative degradation of lipid emulsions is related to light exposure and oxygen 

presence. The process of peroxidation passes by a free radical chain reaction mechanism 

in which free radicals react with non-radical molecule, producing another radical (Figure 

5 [64]). When administered intravenously, these free radicals finally react with cell 

membrane lipids, such as retinal pigment epithelial cells or photoreceptors, resulting in 

cellular damage. Especially to premature infants, these radicals may be harmful [36], 

[65]. 

The phenomenon of peroxidation is particularly present in lipid emulsions with high 

contents of polyunsaturated fatty acid (PUFA), such as soybean oil. The vitamin E 

derivate α-tocopherol with the highest in vivo antioxidant effect, protects against lipid 

peroxidation of high parenteral PUFA supply. Another way to protect the lipid emulsion 

from peroxidation is the mixed administration of multivitamins containing ascorbic acid 

via a light protected delivery tubing, which also limits vitamin loss [36], [66], [67]. 

 

Figure 5: Mechanism of lipid peroxidationv 

                                                      
v https://en.wikipedia.org/wiki/Lipid_peroxidation [64] (accessed: September 22, 2020) 

https://en.wikipedia.org/wiki/Lipid_peroxidation
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In summary, the most effective way to protect lipids from deterioration, as discussed in 

Section 1.2.5.1.1 and peroxidation, is to separate them from the other PN components, 

to protect them from light and to reduce the available oxygen concentration [68]. 

1.2.5.2.3 Vitamin degradation 

The concentration of vitamins, especially ascorbic acid (vitamin C), in PN solutions 

decreases significantly after 48 hours at RT [69], [70]. The main reactions with vitamins 

are oxidation and photodegradation [40], [57]. Aseptically compounded individual PN 

for inpatients can be given stable up to 16 days when stored refrigerated (2-8°C) and 

protected from light [51], [57]. Therefore, vitamins are not integrated in the AIO 

admixture upon production but systematically added to the PN just before 

administration [50], mainly through a Y-connector set.  

 

1.2.5.3 Stability enhancing factors 

Different approaches exist to enhance the stability of PN solutions especially for an 

industrial production.  

1.2.5.3.1 Packaging material 

For several decades, multilayer bags are known to restrict oxygen permeation and 

increase the stability of AA and other oxygen sensitive PN components [50], [55], [71]–

[73].  

The aim of the primary packaging material is to reduce the oxygen permeation from the 

environment into the infusion bag. Therefore, gas barrier properties are necessary. 

When the primary packaging is overwrapped by a secondary packaging and absorbers 

are used to reduce residual oxygen amounts, the primary packaging material should 

allow oxygen dissolved in the solution to exit the infusion bag.  

The secondary packaging of industrially manufactured infusion bags aims to protect 

them from outer mechanical impacts, but also from oxygen and moisture. Therefore, 

this outer layer must be impermeable for oxygen to allow oxygen absorbers (see Section 

1.2.5.3.3), inserted into the secondary packaging, to maximally absorb residual oxygen 
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amounts of both, the solution and the headspaces of the primary and secondary 

packaging.  

Materials and their characteristics used for the primary and secondary packaging are 

listed in the following Table 2 and Table 3. 

Table 2: Materials and their characteristics of the primary packaging of parenteral nutrition solutions 

Primary packaging material Characteristics 

Ethylene vinyl acetate (EVA) monolayer High level of biocompatibility 

Multilayer of EVA  

and Ethylene Vinyl Alcohol (EVOH)  

High level of biocompatibility 

Extremely low oxygen permeability, high 
gas barrier properties 

Polypropylene (PP) or polyethylene (PE) 
without plasticizers 

(Diethylhexylphthalat) (DEHP-free) 

Good oxygen and water vapor barrier, 
biologically inert 

V90-film, three-layer (B. Braun Medical 
AG, Germany) 

Mechanical-resistant and liquid-
impermeable  

Six-layer film with EVOH Mechanical-resistant, gas and liquid-
impermeable layer 

 

Table 3: Materials and their characteristics of the secondary packaging of parenteral nutrition infusion bags 

Secondary packaging material Characteristics 

Silicon dioxide (SiO2) foil  

(PP outer and inner layers and a SiO2-
coated polyethylene terephthalate (PET) 

middle layer) 

High gas barrier 

 

1.2.5.3.2 Multi-chamber infusion bags 

To reduce degradation processes and to prevent the risk of reactions between the 

different components, double- and triple-chamber bags (DCB and TCB) have been 

developed in the past years. DCB or TCB are designed with two or three sealed 

compartments, respectively, that can easily be opened for mixing the components right 
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before administration. This development enabled the extension of shelf life of 

commercialized AIO PN admixtures to up to 18 months at room temperature [74], [75].  

Multi-chamber bags separate the components being responsible for the short-term 

stability of AIO admixtures. For all multi-chamber bags, glucose and AA solutions are 

separated in two different compartments to prevent the well-known Maillard reaction 

(discussed earlier in Section 1.2.5.2.1), leading to a yellow to brownish coloration of the 

PN. Electrolytes are added either in the glucose [76], [77] or the AA compartment [78], 

depending on the development process and corresponding stability assessments of the 

different companies. In TCB, where lipids are included, these are always separated from 

the other components in their own compartment [75]. DCB without lipid emulsion have 

the advantage that lipids can be prepared separately from the raw solution by nurses 

according to the nutritional requirements of a given patient. For the case of newborn 

infants, lipids are not mandatory on the first day of life and the needed amounts 

afterwards are not uniform in this population either. Thus, the separation of lipids allows 

to use a DCB for a larger population of patients.  

1.2.5.3.3 Limitation of oxygen  

As discussed in Section 1.2.5.2, the limitation of oxygen concentrations is important to 

reduce the degradation of AA and vitamins as well as the peroxidation of lipid emulsions 

[36], [39], [40]. For this reason, the manufacturing process needs to be designed and 

operated with the aim to prevent residual amounts of oxygen in the solution as much as 

possible and within the primary and secondary packaging [73]. This can be achieved by 

the following steps, which can be applied separately or together to achieve the desired 

near absence of oxygen: 

 Inertization of the solution with nitrogen 

 Regulation of the filling flow rate 

 Elimination of residual air containing oxygen upon the filling process 

 Absorption of oxygen by means of oxygen absorbers between the primary and 

secondary packaging 

 Corresponding packaging material as discussed before (Section 1.2.5.3.1). 
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Two types of oxygen absorber exist and must be chosen corresponding to the oxygen 

sensitivity of the product. Fast-acting absorbers (Figure 6) may be chosen for more 

sensitive products to oxidation because they are functional when in contact with 

oxygen. Others need to be activated by moist, during the sterilization process by 

autoclaving [79]. 

Additionally, an oxygen indicator (Figure 7) may be placed within the secondary 

packaging to indicate integrity of the product to be checked by users before 

administration.  

 

Figure 6: Fast-acting oxygen absorber 

 

Figure 7: Activated oxygen indicator 
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1.3 Parenteral nutrition in neonatology  

As a global public health recommendation on infant feeding, the WHO promotes to 

exclusively breastfeed infants for the first six months of life to achieve optimal growth, 

development and health [80]. The advantages of breastfeeding, starting at the latest 

one hour after birth if possible, are a reduced risk of necrotizing enterocolitis, 

bronchopulmonary dysplasia, sepsis and retinopathy of prematurity. It furthermore has 

a positive impact on the neuro- and immune development and also on the mother-child 

bond [15], [81].  

Unfortunately, some medical conditions make exclusive breastfeeding, first with 

maternal colostrum and then with milk, more difficult. A previously discussed example 

are preterm infants. Especially very and extremely premature infant are at risk, as they 

have limited nutrient storage at birth and the sucking reflex develops at the earliest in 

week 32 of pregnancy [82]. This development can last until week 36 and even longer in 

preterm babies [83]. Therefore, these patients are enterally fed by nasogastric tubes 

with maternal or donor milk as first choice or formula milk if necessary [84].  

Functional and anatomical immaturity of the gastrointestinal tract is one of the main 

reasons for feeding difficulties [85], [86]. Many studies demonstrate that inadequate 

and retarded postnatal nutrition is related to growth and neurodevelopmental 

retardation [81], [87]–[89]. Therefore, an early and aggressive nutritional treatment is 

indicated and necessary to allow an adequate extrauterine nutrient intake for preterm 

infants [87], [90]–[93]. 

The EFCNI states in the European Standards of Care for Newborn Health:  

“Parenteral nutrition is commenced on the first day after birth, usually using 

standard solutions, and continued until sufficient enteral feeding is established.” 

[94] 



Doctoral thesis: Standardization of parenteral nutrition for neonates 
 

 

 
26 Isabelle Sommer, Pharmacy of Lausanne University Hospital  

The statement of the expert in his field Berthold Koletzkovi resumes what is explained 

above:  

“Early parenteral nutrition preferably starting from the first day of life is really 

important for very preterm and sick babies. This contributes to supporting 

normal growth and development and to preventing growth restriction and 

associated adverse effects. All neonatal units caring for preterm and sick babies 

need standards for providing high quality parenteral nutrition.” [25] 

 

1.3.1 Standardized pediatric parenteral nutrition 

The guidelines on PPN reviewed and published in 2018 by the collaborative group of 

ESPGHAN/ESPEN/ESPR/CSPEN, recommend to generally use standardized PN over 

individualized PN for the majority of pediatric and newborn patients, including VLBW 

premature infants. They also recommend the use of individually compounded PN when 

the nutritional requirements cannot be met by the available range of standard PN 

solutions [26].  

In Australia, the first consensus standardized neonatal PN formulations were 

implemented in 2012. In 2017, this Australasian consensus group reviewed the 

instructions, formulated new PPN solutions and developed guidelines to standardize the 

PN clinical practice across their facilities. For newborn term and preterm (<32 weeks GA 

and/or <1’500 g) infants, the six standardized PPN from 2012 have been complemented 

to a total of eight standardized PPN in 2017 [43], [74], [95].  

Despite these recommendations and wide experiences, in Europe, there has not been 

formed a consensus comparable to the one form Australia and parts of Asia. Some 

hospitals developed their own standard solutions in collaboration with their neonatal 

units [23], [96]. Unfortunately, these solutions often do not correspond with the 

                                                      
vi Professor of Pediatrics, Dr. von Hauner Children's Hospital, Ludwig Maximilian University (LMU) Munich, 
Germany 
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practices of other hospitals. Therefore, in Europe, still only a few industrialized PPN are 

available.  

For French hospitals only, Pediaven® from Fresenius Kabi France has been developed by 

the Assistance publique – Hôpitaux de Paris (APHP) to furnish a safe PPN for the first 

days of life [97], [98]. New formulations of Numeta® as TCB from Baxter International, 

USA, have been relaunched in the beginning of 2016. The solution available for 

premature infants, Numeta® Neo, is a complete PPN with detailed instructions to dilute 

or adjust the formulation to better correspond to the individual patients’ needs [33]. 

This more concentrated, multiple-component solution and the allowed manipulation 

steps (dilution, adjunctions) are critical factors regarding the sterility and stability of the 

system. Every manipulation of the infusion bag means a risk for contamination and 

medication errors [99]. These reasons often lead to a usage refusal by pharmacists 

and/or neonatologists.  

Even if standardized PN for newborn term and/or preterm infants exist, some patients 

may not be treated with them. Very sick and metabolically unstable patients and infants 

requiring PN for prolonged periods have other nutritional needs than the majority of 

patients treated with PN [26], [100]. For these patients, PN must be compounded 

individually on-wards or by the hospital pharmacy [92].  

The PN preparation and analysis by hospital pharmacies under controlled conditions and 

by trained pharmacy staff should always be preferred to a preparation on the ward by 

nurses. The risk for preparation errors rises drastically and is well documented [101]–

[104]. In some emergency situations, this might not be possible due to time-critical 

treatment decisions. The availability of a pharmacy urgency service for this kind of 

medication is also a limiting factor when PN is needed during the night or weekends 

[105].  
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1.3.2 Nutritional guidelines  

[ESPGHAN/ESPEN/ESPR/CSPEN guidelines on pediatric parenteral nutrition [14], [26], 

[34]–[40], [106]–[109]] 

In 2018, the long-awaited reform of the 2005s nutritional guidelines for parenterally fed 

pediatric patients established by the ESPGHAN/ESPEN/ESPR/CSPEN were published. The 

working group members selected and assessed all relevant articles related to the 

different topics and compared them with the previous guidelines to correct or adjust 

them. Based on the evidence level of included studies, experts formulated and graded 

recommendations.  

The guidelines, including organizational aspects, treat every macro- and micronutrient 

for PPN separately as well as fluid requirements, venous access, home parenteral 

nutrition, standardized vs. individualized PN and also a wide range of safety 

considerations for prevention and management of complications such as central line 

associated bloodstream infections. They provide guidance on PN for all pediatric 

patients ranging from extremely premature infants up to teenagers weighing up to and 

over 100 kg. 

For the purpose of this thesis, the following sections focus on guidelines for newborn 

and preterm infants only.  

 

1.3.2.1 Macronutrients 

It is important to distinguish between protein and energy intake recommendations. 

Recommendations for proteins aim to meet needs for lean mass accretion only, even 

though they may provide energy for metabolic functioning. In contrast, 

recommendations for energy intake include all sources of energy: proteins, lipids and 

carbohydrates. For these reasons, inadequate energy provision may lead to growth 

retardation as proteins are used as source of energy instead of source of body tissue 

accretion.  
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Energy requirements of premature neonates are at least 45-55 kcal/kg/day on the first 

day of life. In VLBW infants, energy intakes of 90-120 kcal/kg/day should be provided to 

approximate intra-uterine lean body mass accretion and growth. These 

recommendations aim for a weight gain in VLBW infants of 17-20 g/kg per day after the 

initial postnatal weight loss. Adequate protein and energy intakes from PN can 

significantly improve postnatal growth in very preterm infants. 

The Atwater system, named after Wilbur Olin Atwater, is used to calculate the available 

and metabolizable energy of nutritional components. Following the Atwater factors, 

energy content of protein, carbohydrate and lipid correspond to 4, 4 and 9 kcal/g 

respectively. This adaption is useful in clinical practice to calculate nutritional energy 

intake more easily. 

Fluid intake is recommended to be increased gradually in preterm and term neonates 

after birth (Table 4) [34]. Water is the major component of the human body at any age 

and is an essential carrier for nutrients and metabolites. 

Table 4: Recommended parenteral fluid intake in mg/kg/d during the first days of life in neonates 

Day of life 1st day 2nd day 3rd day 4th day 5th day 

Term neonate 40-60 50-70 60-80 60-100 100-140 

Preterm neonate 
>1500g 

60-80 80-100 100-120 120-140 140-160 

Preterm neonate 
1000-1500g 

70-90 90-110 110-130 130-150 160-180 

Preterm neonate 
<1000g 

80-100 100-120 120-140 140-160 160-180 

 

1.3.2.1.1 Amino acids 

All cells in the body contain proteins, having structural and functional tasks. Multiple AA 

subunits joined by peptide bonds form chains building these proteins.  
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Three categories of AA are differentiated (Table 5) [39]:  

1. Essential or indispensable AA that must be provided in the PN 

2. Non-essential AA that can be synthetized from other AA or other precursors 

3. Semi-essential AA can be synthetized from other AA, but their synthesis is limited 

under certain circumstances. 

Table 5: Essential, non-essential and semi-essential amino acids (AA) 

Essential AA Non-essential AA Semi-essential AA 

Histidine Alanine Arginine 

Isoleucine Aspartic Acid Glycine 

Leucine Asparagine Proline 

Lysine Glutamic Acid Tyrosine 

Methionine Serine Cysteine 

Phenylalanine  Glutamine 

Threonine  Taurine  

Tryptophan   

Valine   

 

For preterm infants, the AA intake recommendations are to start supply on the first 

postnatal day with at least 1.5 g/kg/d to achieve an anabolic state. Afterwards, from 

postnatal day two onwards, AA intake should be between 2.5 g/kg/d to 3.5 g/kg/d 

accompanied by non-protein intakes >65 kcal/kg/d and adequate micronutrient intakes. 

Concerning the semi-essential AA cysteine and tyrosine, the guidelines recommend 

administering 50-75 mg/kg/d and at least 18 mg/kg/d, respectively.  

For stable term infants, a minimum AA intake of 1.5 g/kg/d should be administered but 

an excess of AA intake above 3.0 g/kg/d should be avoided. The semi-essential AA 

tyrosine intake should be 94 mg/kg/d. 
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The ASPEN recommends corresponding protein intakes for preterm infants of initially 1-

3 g/kg/d aiming to achieve 3-4 g/kg/d and for term infants 2.5-3 g/kg/d [110]. The 

maximum recommended intake of 4 g/kg/d for preterm infants is not supported by the 

ESPGHAN/ESPEN/ESPR/CSPEN, which prefers the use of such high AA intakes in clinical 

trials only.  

1.3.2.1.2 Glucose 

Glucose, a carbohydrate, is the main source of energy especially for brain, renal medulla 

and erythrocytes. In the last trimester of pregnancy, the fetus needs about 7 g/kg/d of 

glucose provided by the placenta. Factors influencing the metabolism of glucose and 

needing to be considered when prescribing PN are age, acute illness, nutritional state 

and the concomitant provision of other macronutrients. Glucose is the main contributor 

to osmolality and must therefore be paid special attention to when PN needs to be 

administered peripherally.  

Recommended parenteral glucose supply in term and preterm newborns are shown in 

Table 6 [35]. 

Table 6: Recommended glucose intake in mg/kg/min (g/kg/d) 

 ESPGHAN/ESPEN/ESPR/CSPEN 
2018 

ASPEN 2019 [110] 

 Day 1  
start with 

Day 2 onwards  
increase gradually 
over 2-3 days to 

Day 1  
start with 

Day 2 onwards  
increase gradually 
over 2-3 days to 

Term 
neonate 

2.5-5 
(3.6-7.2) 

5-10 (7.2-14.4)  
min 2.5 (3.6) 
max 12 (17.3) 

6-8 
(8.6-11.5) 

10-14 (14.4-20.2) 
max 14-18 (20.2-25.9) 

Preterm 
neonate 

4-8 
(5.8-11.5) 

8-10 (11.5-14.4)  
min 4 (5.8)  

max 12 (17.3) 

6-8 
(8.6-11.5) 

10-14 (14.4-20.2) 
max 14-18 (20.2-25.9) 

 

1.3.2.1.3 Lipids 

As a non-carbohydrate source of energy, intravenous lipid emulsions represent an 

indispensable part of PPN. In fully parenterally fed infants, the guidelines recommend 
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the administration of 25-50% of non-protein calories in form of lipids. They provide 

essential fatty acids (FA) and help with the delivery of the lipid soluble vitamins A, D, E 

and K. Important aspects for the efficacy and safety in neonatal patients are the rate, 

amount and type of lipids.  

Today, all 20% intravenous lipid emulsions available for term and preterm newborns 

provide the recommended minimum linoleic acid (an essential FA) intake of 0.25 

g/kg/day for ensuring an adequate intake of linolenic acid. Currently available lipid 

emulsions are composed of:  

 soybean oil and olive oil 

 middle-chain triglycerides (MCT) and long-chain triglycerides (LCT) from soybean 

oil 

 MCT, soybean oil and fish oil 

 MCT, olive oil and fish oil. 

Fish oil contain ω-3 long-chain PUFAs, which become more and more important in the 

nutritional treatment of premature infants. ω-3 FA have antioxidant properties helping 

to prevent lipid peroxidation (Section 1.2.5.2.2) and thus, reducing oxidative stress 

[111]. 

Lipids may be given directly after premature birth and no later than on day two of life to 

furnish non-protein energy for the increased needs. There is not enough evidence yet 

to formulate a dosage recommendation, but in most randomized clinical trials or meta-

analyses, 2-3 g/kg/d were used. The lipid administration container and the infusion line 

must be protected from light.  

The ASPEN recommendation conforms to those of the ESPGHAN/ESPEN/ESPR/CSPEN 

and start at 0.5-1 g/kg/d of intravenous lipid emulsion for term and preterm infants to 

be increased gradually until 3 g/kg/d of lipids [110].  
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1.3.2.2 Micronutrients 

The three types of micronutrients and their recommended supply to newborn term and 

preterm infants are described in the following sections. 

1.3.2.2.1 Electrolytes 

Term and especially preterm newborns generally lose up to 10% of birth weight in the 

first two to five postnatal days. Most of this weight loss is due to considerable insensible 

water losses via the immature skin followed by electrolyte disturbances.  

Sodium (Na) is the principle cation and chloride (Cl) the major anion of the extracellular 

fluid, whereas potassium (K) represents the major intracellular cation. Cl intake should 

be slightly lower than the sum of Na and K intakes (Na + K - Cl = 1-2 mmol/kg/d) to avoid 

excessive Cl intakes and risk of iatrogenic metabolic acidosis. 

All three electrolytes should be supplied when body fluid compartments are rearranged 

by isotonic or hypertonic contraction of the extracellular fluid compartment. This is the 

case in the immediate phase after birth. In any case, Na and K supply should start at the 

latest before the serum concentration of these electrolytes drop below recommended 

values. 

Appropriate amounts of calcium (Ca), phosphate (PO4) and magnesium (Mg) should be 

provided in PPN (Table 7) to ensure optimal growth and bone mineralization [38]. To 

prevent severe hypophosphatemia that can result in muscle weakness, respiratory 

failure, cardiac dysfunction and death, the plasma phosphate concentration must be 

monitored. Therefore, and to reduce the risk of hypercalcemia at the same time, a molar 

calcium : phosphate ratio of >1 is recommended. 

Due to the previously discussed stability issues, the guidelines strongly recommend the 

use of organic calcium and phosphate salts to prevent precipitation and to allow higher 

concentrations of both components. 
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Table 7: Recommended parenteral intake for calcium, phosphate and magnesium in mmol/kg/d (mg/kg/d) 

Age  Calcium Phosphate Magnesium 

Preterm infants 
during the first 
days of life 

0.8-2.0 (32-80) 1.0-2.0 (31-62) 0.1-0.2 (2.5-5.0) 

Growing 
premature infants 

1.6-3.5 (100-140) 1.6-3.5 (77-108) 0.2-0.3 (5.0-7.5) 

0-6 months 
including term 
newborns 

0.8-1.5 (30-60) 0.7-1.3 (20-40) 0.1-0.2 (2.4-5) 

 

1.3.2.2.2 Vitamins  

For more than 30 years, the recommendation for vitamins is all but unchanged. Vitamins 

are essential for growth and development and are therefore strongly recommended for 

all newborn infants necessitating PN. Usually they are administered as a multivitamin 

mixture (e.g. Cernevit®, Baxter, Switzerland), containing lipophilic vitamins A, D, E and K 

and hydrophilic vitamins B and C. No optimal doses and infusion conditions have been 

established, as research has basically been performed on the composition of specific 

products. Thus, recommendations are based mainly on expert opinion. 

Due to the degradation of vitamins, especially vitamin C, they should generally be 

protected from light exposure and be administered separately or together with the lipid 

emulsion.  

1.3.2.2.3 Trace elements 

Similar to vitamins, trace elements are usually administered as an admixture of different 

trace elements. These compositions (e.g. Tracutil®, B. Braun Medical, Switzerland) 

contain the recommended elements iron, zinc, copper, iodine, selenium, manganese, 

molybdenum and chromium. Trace elements participate at enzymatic and immune 

reactions and are essential for metabolic reactions of the organism. Generally, trace 

elements should only be supplemented in long-term PN. 
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1.3.3 Venous access 

The administration of PPN can be performed by different central or peripheral venous 

accesses.  

The peripheral venous access (PVA) should only be used for short-term PN 

administration [106], [112] and for products with a low osmolarity [96], [113]. The 

ESPGHAN/ESPEN/ESPR/CSPEN as well as the ASPEN guidelines recommend not to 

exceed 900 mOsm/L for a peripheral administration due to the risk of phlebitis [27], 

[106]. However, some publications even demonstrate a safe PN administration by PVA 

until 1’000 mOsm/L [112], [114]–[116].  

Peripheral lines are often placed into a vein in the hand, foot or scalp and sometimes in 

the belly button (umbilical vessels) of babies (green points in Figure 8). The advantage 

of a PVA is that it can be placed without surgery, but still under sterile conditions and 

aseptic technique. A disadvantage is the high risk for extravasation of the solution with 

a subsequent inflammatory response and potential skin necrosis [113]. 

A central line catheter may be placed into the superior (jugular and subclavian veins) or 

inferior (femoral vein) vena cava (orange points in Figure 8). Two methods of central 

venous access are differentiated, the non-tunneled central venous catheter (CVC), also 

called PICC-line (peripherally inserted central catheter) and the tunneled CVC which is 

inserted subcutaneously. A PICC-line can often be placed without general anesthesia 

and has proven to be safe and effective for PN in newborns and children [113]. The 

guidelines recommend the use of PICC and tunneled CVC for administration of 

prolonged PPN during hospitalization [106].  
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Figure 8: Venous access possibilitiesvii 

 

Independent of the choice of venous access, the risks of contamination and related 

complications including infection, catheter occlusion and thromboembolism are high. 

Most healthcare-associated or nosocomial infections are bloodstream infections and of 

these, the majority is associated with the use of CVC [99]. The insertion of catheters 

must be realized under strict aseptic conditions by trained NICU staff only. Additionally, 

good catheter care and aseptic delivery of nutrients are mandatory for the prevention 

of catheter related infections [117]–[119]. 

 

1.3.4 Medication errors  

The National Coordinating Council of Medication Error Reporting and Prevention (NCC 

MERP) defines a medication error as follows:  

“A medication error is any preventable event that may cause or lead to 

inappropriate medication use or patient harm while the medication is in the 

control of the healthcare professional, patient, or consumer. […]” [120] 

  

                                                      
vii https://medlineplus.gov/ency/imagepages/19868.htm (accessed: August 26, 2020) 

https://medlineplus.gov/ency/imagepages/19868.htm
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The WHO further defines medication errors as: 

“A deviation from the prescriber’s handwritten or typed medication order or 

from the order that the prescriber has entered into the computer system. […]” 

[121] 

Medication errors are not only related to the administration of a medication, but also to 

false ordering or erroneous delivery. Errors may occur in the whole process of the 

medical treatment of a patient. Examples for medication errors are brought together in 

Table 8 [121]. 

Table 8: Examples for medication errors 

Ordering  Order 
communication 

Drug omission Unauthorized 
drugs 

Extra/wrong 
dose or 
dosage form 

Transcribing Order 
modification  

Extra/wrong 
dose or dosage 
form 

Calculation 
error 

 

Compounding Wrong 
preparation 

Microbial 
contamination 

Wrong dose or 
dosage form 

Labeling/ 
Packaging/ 
Nomenclature 

Dispensing Temperature 
deviations 

Inappropriate 
handling 

Stability issues  

Administering Wrong 
technique  

Wrong 
infusion rate 

Microbial 
contamination 

Monitoring  

 

The NCC MERP adopted a medication error index (Figure 9) that classifies an error 

according to the severity of the outcome. The aim of this index is to help healthcare 

professionals and institutions to report medication errors in a consistent, systematic 

manner [120]. 
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Figure 9: Index for categorizing medication errorsviii 

 

A major problem in the assessment of medication errors is the underreporting of these 

events by healthcare professionals [122]–[125]. Therefore, in the United States of 

America, standard taxonomy (Figure 9) as well as anonymous reporting systems are 

proposed by the Institute for Safe Medication Practices (ISMP) for recording and tracking 

of medication errors [120], [121], [126], [127].  

Although this vulnerable, fragile patient population is at high risk of a wide range of 

errors, medication errors are particularly common. Several publications treat the 

different kinds of medication errors on neonatal or pediatric intensive care units and 

how to prevent or reduce them [128]–[131]. One of the most frequently cited drugs 

related to medication errors and defined as high-risk medication, is PN [132], [133]. 

                                                      
viii https://www.nccmerp.org/sites/default/files/indexColor2001-06-12.pdf (accessed: September 15, 
2020) 

https://www.nccmerp.org/sites/default/files/indexColor2001-06-12.pdf
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Different risk assessments on the high-risk process of PPN, identified prescription, 

preparation and administration of PN as the most critical steps within its process [125], 

[134]–[136].  

In 1999, Kaushal et al. already identified 5.7% of medication errors with a majority of 

79% of potential adverse drug events occurring during drug ordering for pediatric 

inpatients. The study also highlighted, that the potential adverse drug event rate was 

three times higher in neonates in the NICU than in a previous adult hospital study [137]. 

Hermanspann et al. focused on the incidence and severity of prescribing errors for 

pediatric inpatients. These patients are particularly vulnerable for highly individualized 

medical preparations like PN. An error rate of 3.9% was found for PN orders, whereof 

12% could have had potential harmful consequences requiring interventions [138]. 

A lot of medication errors also occur during the preparation step of the medical 

treatment [99], [102], [139], [140]. Preparation related errors may be microbial, 

particulate and cross-contamination with other products or raw materials, precipitation 

or other drug incompatibilities as well as wrong products, dosage, dissolving or dilution 

of the medication [100]. The incidence of errors related to medication compounding is 

higher in the NICU setting than at hospitals’ pharmacies [99], [101], [103], [140], [141]. 

Stavroudis et al. reported that almost 50% of detected medication errors were related 

to the administration and equipment or delivery device failures and might lead to 

harmful consequences [132]. Other origins of medication errors related to their 

administration are timing, dosage, infusion rate, missing or supplemental dose and 

wrong medication [142]–[145].  

 

1.3.4.1 Prevention of medication errors  

For the success of a treatment, the infants’ security and the patients’ outcome, it is 

fundamental to reduce and prevent medication errors. The ISMP identified ten key 

elements of the complex medication use that have an influence and impact on the safe 

medication application (Table 9) [146] that may help to perform a self-assessment.  
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Table 9: Ten key elements of medication use established by the Institute for Safe Medication Practices (ISMP) 

1. Patient information Obtaining the patient’s pertinent demographic and 
clinical information for selecting appropriate 
medications, doses and routes of administration, 
significantly decreases preventable adverse drug events. 

2. Drug information Providing accurate and usable drug information to all 
concerned personnel reduces preventable adverse drug 
events. Drug information should be readily accessible 
and up to date and accurate. 

3. Communication of 
drug information 

Eliminating miscommunication and communication 
barriers between physicians, pharmacists and nurses, 
which is a common cause of medication errors.  

4. Drug labeling, 
packaging and 
nomenclature 

Using proper labeling and unit dose systems to avoid 
errors related to look-alike or sound-alike drug names, 
confusing drug labeling and non-distinct drug packaging. 

5. Drug storage, stock, 
standardization and 
distribution 

Standardizing drug concentrations and administration 
times and limiting the dose concentrations of available 
drugs. 

6. Drug device 
acquisition, use and 
monitoring 

Performing appropriate safety assessment of drug 
delivery devices as well as independent double-checks to 
prevent device related errors (wrong drug or drug 
concentration, improper infusion rate, mixing up of 
infusion lines). 

7. Environmental factors Preventing environmental factors that often contribute 
to medication errors like poor lighting, noise, 
interruptions and a significant workload. 

8. Staff competency and 
education 

Staff education should focus on priority topics like new 
and high- alert medications, medication errors occurred 
internally and externally, protocols, policies and 
procedures related to medication use.  

9. Patient education Patients must be educated by healthcare professionals 
about their medications, indications, doses, adverse 
effects, interactions and how to prevent errors.  

10. Quality processes and 
risk management 

Prevention of errors by redesigning the systems and 
processes that lead to those errors. Promoting the 
detection and correction of errors before they cause 
harm. 
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Despite these ten key elements aiming to secure the medication use process, one widely 

described measure to limit prescription and partly transcription errors is the 

implementation of a computerized physician order entry (CPOE) system [131], [137], 

[138], [147]–[149]. In combination with a barcode scanning, these systems help to 

clearly identify patients and to give dosage recommendations and error alerts for an 

easy, quick and secured prescription and administration process [129], [131], [150]–

[153].  

If such computer based systems are too cost-intensive or their implementation is too 

critical in terms of time, standardized, preformatted, electronic medical order forms are 

highly recommended [14], [27], [130], [154]. 

Clinical pharmacists specialized in the field of pediatrics or neonatology also help to 

reduce medication errors. They attend work rounds, participate at patient visits, 

monitor prescriptions and transcriptions and guide nurses as well as physicians in 

pharmaceutical questions [130], [137], [138], [153]. 

Another approach to reduce medication errors in terms of compounding, administration 

and monitoring is the standardization of procedures. This includes not only 

organizational aspects [14], but also the availability of ready-to-use products like 

standardized PN bags [26], [27], [74], [100], [139]. 

Last but not least, the training of implicated personnel on a constant and routinely 

manner plays an important role in preventing and reducing medication errors [130], 

[155], [156].  

 

1.3.4.2 Risk assessments 

[MEDD [157]] 

The tenth key element of the ISMP medication use process is defined as “quality 

processes and risk management” and aims at the redesigning of systems and processes 
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for the prevention of errors as well as the promotion of the detection and correction of 

errors before they cause harm [146]. 

With regard to this, risk assessments should be performed and are nowadays a standard 

for the quality management of ISO9001 certified hospitals [158], [159]. Even for non-

certified hospitals, risk analyses are an effective way to identify risks and hazards that 

may cause harm to patients. The primary purpose of risk assessments is to provide 

support for decisions about managing risks associated with those specific actions or 

activities [160]. 

For several decades, risk analyses are performed in the field of medical and 

pharmaceutical science for quality management purposes based on the methods 

applied initially in the aeronautic and military domains [161]. Different kinds of risk 

assessment methods exist, of which the failure modes and effects analysis (FMEA), the 

failure modes, effects and criticality analysis (FMECA) and the preliminary risk analysis 

(PRA) are the most known and applied.  

1.3.4.2.1 Failure mode, effects (and criticality) analysis  

In 1990, the FMEA method was first used in medical fields. The FMEA and FMECA are 

supposed to assess risks in a current, well established setting and to define if an action 

plan to secure this setting must be implemented. 

The principles of the FMEA and FMECA are based on the concepts of the failure of a 

system (e.g. interrupt of PN infusion), the mode or effect for which the failure is 

observed (stopped infusion pump), the causes that led to the failure (power outage) and 

the effect of the failure mode (non-administration of PN).  

The FMEA permits to evaluate the effects caused by a failure mode, to determine their 

importance for the normal functioning of the system, to evaluate the impact on security 

and to hierarchically organize an action plan for improvement.  

The FMECA includes an evaluation of the criticality (probability and severity) of a failure. 

This allows to easily identify potential failures and measures to limit their effects or 

occurrence. 
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A limit of the FMEA and FMECA is that they are difficult to apply to complex systems 

with a huge number of potential failure modes. If too much information must be 

processed, these risk assessments are too time-consuming. Therefore, their application 

should be envisaged for well-defined parts of a system. 

1.3.4.2.2 Preliminary risk analysis  

The principle of the PRA is the identification of dangerous elements (e.g. 

products/preparations, equipment/facilities or operations) of the initially described 

process. For each dangerous element, one or more hazardous situations are identified, 

for which causes and consequences are determined. Afterwards, existing security 

measures of the concerned process are described. If these measures are judged as being 

insufficient, improvement measures must be defined.  

The PRA is performed when a project is in a preliminary stage and the aim is to prevent 

risks during the planning of the project and to secure the new setting. It is also possible 

to perform a PRA on several domains of risks as far as they concern the same activity 

[162]. The aim of a PRA may also be to define topics needed to be further analyzed by 

means of a FMEA or FMECA. The advantage of a PRA is that this assessment is less time-

consuming compared to the two previously discussed methods.  





2 Summary of the thesis 

 

Summary of the thesis  
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2.1 Introduction 

Parenteral nutrition (PN) is a crucial part of the initial nutritional support provided for 

preterm or term neonates in critical health situations. It is indispensable for a good 

cerebral and neurologic development as well as a postnatal weight gain conforming to 

the intrauterine growth.  

As PN can be composed of about 50 different ingredients, whereof the majority are 

amino acids (AA), its preparation is complex and at high-risk. Medication errors are often 

related to PN and may include prescription, transcription, preparation and 

administration errors. Therefore, medication errors can result in growth retardation, 

developmental disturbances and infections.  

Worldwide, different ways of compounding PN for neonates are applied. The high-risk 

PN preparation steps are usually managed by the hospital’s pharmacy in collaboration 

with the neonatal service. In some cases, the whole process, including the compounding 

of PN, is organized by the neonatal service. Both strategies include risks and constraints, 

however, the standardization of the process and the delegation of this mission to the 

pharmacy is strongly recommended by specialized societies [14], [27]. 

Only few commercialized PN are available for neonatal patients but not used routinely 

due to patients’ varying needs of nutrients and the limited composition flexibility. 

Standardized PN assures an immediate and 24/7 availability of high-quality PN on wards, 

minimizes the risk of medication errors and improves the medical treatment and clinical 

outcome of the treated inpatients. These are reasons for which standardized PN, either 

commercialized or prepared at the hospital pharmacy, are preferably recommended, 

but they do not correspond to the nutritional requirements of all patients and therefore, 

individual PN remains indispensable. 

As commercial PN adapted to a safe administration on the first days of life of premature 

newborns is not available, a standardized pediatric PN (PPN) for this purpose had to be 

developed and implemented. This PPN aims at reducing medication errors potentially 
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having an impact on vulnerable patients as well as the improvement of the security and 

quality of the nutritional treatment of newborn preterm or term infants. 
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2.2 Objectives  

This thesis is composed of two major parts containing several projects. 

The first part of this work aimed at evaluating and assessing the need for centralizing 

the preparation of PPN for neonatal patients at the central pharmacy of the Centre 

Hospitalier Universitaire Vaudois (CHUV) on the one hand and the need to propose 

standardized PN in order to offer a ready-to-use nutritional treatment on the other 

hand. These objectives were achieved through the following projects: 

 An evaluation of the status at the CHUV was performed to investigate the 

security and quality of PN prepared by nurses of the neonatal intensive care unit 

(NICU). Microbial as well as chemical analysis were performed to test for 

contamination and sterility issues and for accuracy of the PN prepared on the 

ward. This project has been published in the European Journal of Hospital 

Pharmacy (EJHP) and is presented in Section 3.1. 

 A preliminary risk analysis (PRA) was performed for the two preparation sites (on 

the NICU and at the pharmacy) to compare the risks related to PN compounding 

and to identify deficiencies to be focused on until centralization at the pharmacy 

is achieved and in order to better implement this intention. The execution and 

results of these assessments are described in an article accepted for publication 

(with changes) in the online journal Dovepress – Therapeutics and Clinical Risk 

Management and presented in Section 0.  

The second part targeted on the development of a standardized pediatric PN (PPN) in 

collaboration with an industrial partner to respond to a potential need of a ready-to-use 

PPN with a long-lasting stability and easy storage conditions. Several projects led to the 

achievement of this objective and were related to the development process: 

 A common PPN formulation was developed by a working group composed of 

pharmacists, neonatologists and industrials responding to the evaluated 

requirements of the two sites of application, the university hospitals of Lausanne 

and Geneva. The development process of the standardized PPN revealed a 
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considerable degradation of N-acetylcysteine (NAC), the precursor of the semi-

essential AA cysteine, to the dimer N,N-diacetylcystine (DAC). This was further 

analyzed and evaluated and the results were published in the online journal 

Nutrients (Section 3.3). Finally, this developed standardized PPN, first prepared 

by the pharmacy and afterwards provided by B. Braun Medical, was introduced 

to the NICU of the CHUV following training of nurses and neonatologists. 

 Further projects helped developing this PPN for the first days of life of newborn 

term and preterm infants and are resumed later in Chapter 4. 

- Two questionnaires were elaborated with the aim to gain knowledge of 

what is done in other Swiss hospitals. They were addressed to (1) 

neonatologists and (2) pharmacists working in Swiss hospitals having 

either a neonatal service or a drug preparing pharmacy. 

- The conformity of theoretical and real osmolarity has been assessed, as 

the practices for peripheral intravenous PN administration varies a lot 

following the literature, even though the strong ESPGHAN 

recommendation to limit osmolarity to 900 mOsm/L.  
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2.3 Pediatric parenteral nutrition at the CHUV  

At the CHUV, PN is prepared partially at the central pharmacy by trained pharmacy 

technicians and on the neonatal ward by nurses without any involvement of the 

pharmacy staff. The location where the PN is prepared depends on the emergency to 

start or adapt nutrition, which may be urgent in critical situations like very preterm 

infants, (very) low birth weight ((V)LBW), metabolic disorder or critical illness. 

 

2.3.1 Organization 

During opening hours, for medically stable patients, PN is generally prepared at the 

pharmacy. Until early 2018, physicians manually prescribed the composition of the PN 

on an order sheet, which was then faxed to the production unit of the pharmacy. Since 

2018, a computerized physician order entry (CPOE) system has been implemented for 

prescription (further discussed in Section 2.3.3.1), which is interfaced with the 

preparation tool of the pharmacy. 

Due to the quality oriented and GMP conforming preparation process at the pharmacy, 

which consequently is time-consuming, nurses prepare PN on the ward for emergency 

situations or unstable patients rapidly needing an adjustment of nutritional supply. 

Furthermore, as the pharmacy does not prepare PN during the night, weekend or 

holiday, NICU nurses also have to prepare them for new admissions during these shifts. 

Before summer of 2017, another handwritten order form was used when PN was 

prepared by nurses on the ward. This form served as instruction for the preparation and 

was used for transcription of ingredients on the label to be affixed on the prepared PN 

syringe or bag. Since then, an improvement of the prescription form was implemented. 

The new electronic prescription form is a spreadsheet (Microsoft® Excel®) including an 

extensive calculation base for all kinds of medication (oral, intravenous, subcutaneous, 

etc.) to be administered to their patients, including PN. 
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2.3.2 Preparation 

The high-risk PN preparation steps are usually managed by the hospital’s pharmacy in 

collaboration with the neonatal service. In some cases, the whole process, including the 

compounding of PN, is organized by the neonatal service. Both strategies include risks 

and constraints. 

 

2.3.2.1 Pharmacy 

Now, as then, PN orders are reviewed by a pharmacist, the preparation is done 

conforming to current good manufacturing practices (GMP) in controlled conditions 

(grade A horizontal LAF hoods in a cleanroom grade B) with an automated compounding 

system (BAXA EM 2400, Baxter Healthcare Corporation, USA) by trained and qualified 

pharmacy technicians as required by the applicable guidelines [41], [42], [44]. Every 

preparation is analyzed for quantitative determination of critical components (glucose, 

sodium, potassium, calcium, magnesium) to confirm composition conformity to the 

original medical prescription following the method described by Nussbaumer et al. 

[163]. Additionally, sterility testing by means of detection of endotoxins via the Limulus 

amebocyte lysate (LAL) method [164] is performed before pharmaceutical, GMP 

conforming quality release of the PN preparation and delivery for administration. This 

process is time-consuming, meaning that the prescription order must be placed at noon 

at the latest for a delivery of the individual PN until 5:00 p.m. 

 

2.3.2.2 Neonatal intensive care unit  

During the night, weekend or holiday, nurses of the NICU prepare PN for new admissions 

as well as for critically ill patients needing adjustments of their nutritional supply.  

Nurses were preparing PN manually following handwritten medical prescriptions until 

autumn 2017. Since then, they are following an electronic prescription form (Microsoft® 

Excel® spreadsheet). The preparation is performed in a non-classified and non-qualified 

horizontal LAF hood placed inside the separated ward pharmacy. The transcribed labels 
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as well as the volume withdrawn and the raw solution of critical components like 

potassium (as hydrochloride or phosphate salt) are double-checked by a second nurse 

or a physician. For all non-critical ingredients, the preparation of PN is performed and 

auto controlled by a single nurse only. No analytical controls are carried out for these 

on-ward preparations before administration to the vulnerable patients. 

2.3.2.2.1 Quality assessment 

Due to the PN management described above and the fact of non-GMP conforming PN 

preparation on the ward, an evaluation of the physicochemical and microbiological 

quality of the bags prepared by nurses of the neonatal ward of the CHUV was performed. 

For this purpose, samples were retrieved from on-ward prepared PN bags after their 

administration and were analyzed in the same way as pharmacy-prepared PN with an 

additional analysis for sterility according to European Pharmacopeia (Ph. Eur. 2.6.1). The 

obtained results were evaluated based on the specifications established by the 

pharmacy. 

The physicochemical results showed that concentrations were below the lower limit of 

90% or above the upper limit of 110% defined for compounded medicinal products in 

almost 30% of the analyzed PN solutions and therefore did not conform to their medical 

prescription.  

The microbiological quality did not seem to be impacted by the preparation by nurses 

on the neonatal ward. However, due to the small number of analyzed samples, a reliable 

detection of potential contamination could not be guaranteed.  

The detailed description of this quality assessment is presented in the first published 

article (Section 3.1). 

 

2.3.3 Realized and future projects  

With the aim and the need of continuous improvement, projects to secure the PN 

process have been realized and are planned to be implemented in the near future. Some 
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recent and future common and collaborative projects of the NICU and the pharmacy are 

described hereafter.  

 

2.3.3.1 Prescription and order form 

As mentioned previously, since 2017, the mode of prescription and attached order forms 

evolved on both sites, pharmacy and NICU.  

In autumn 2017, the NICU implemented a quasi-electronic prescription tool in form of a 

Microsoft® Excel® spreadsheet containing an extensive calculation base for all 

prescribed medication including PN for their neonatal patients. This development 

allowed to reduce medication errors due to false calculation and illegibility. Additionally, 

non-nutritional supplies of glucose and/or electrolytes are considered when PN is 

required.  

In spring 2018, the pharmacy implemented a CPOE system (Péan®, Groupe Alma, 

France) for managing PN prescription, preparation and dispensation. This project was 

realized in collaboration with neonatologists of the NICU. The CPOE system permits an 

easy PN prescription for physicians by showing recent ESPGHAN/ESPEN/ESPR/CSPEN 

recommendation ranges as well as instability issues. The pharmacists can double-check 

the prescription for compliance to previous ones, instabilities and feasibility. 

Afterwards, the PN order can be sent to the automated compounding device (BAXA EM 

2400, Baxter Healthcare Corporation, USA) for production including barcode scanning 

for patient coherency. After pharmaceutical release following the quantitative and 

qualitative analyses, the PN preparation is delivered for administration. All these steps 

are traced in the CPOE system.  

 

2.3.3.2 Standardization  

In 2014, an internal evaluation of nutritional solutions, including simple glucose dilutions 

or glucose and AA admixtures, prepared by nurses on the neonatal ward was performed. 

This project showed that the glucose dilution used most contains 12.5% of glucose. 
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Therefore, the NICU requested and the pharmacy proposed the production of a 250 mL 

12.5% glucose solution (G12.5%).  

In December 2018, this solution was prepared aseptically as a batch production by the 

pharmacy (“formula hospitalis”) with final heat steam sterilization and all mandatory 

analytical release steps. Since then, an average of 40 flasks is used monthly by the NICU. 

Even though this solution is a bit more expensive than the same dilution prepared by 

nurses on the ward, the quality is much higher and confirmed through analytical testing 

for sterility and glucose concentration. The product has a 1-year stability at room 

temperature and is available at any time for urgent treatments with energy. This allows 

nurses to concentrate their time more on their patients. 

 

2.3.3.3 Centralization 

Despite the standardization of PN and to further improve the quality of individual PN, a 

future project is the complete takeover of PN preparations of the neonatal ward by the 

hospital pharmacy.  

During the week there will be no modification of the actual functioning, but during 

weekends and holidays, the pharmacy on call service for the production unit (pharmacy 

technician plus pharmacist) as well as the laboratory (lab technician plus pharmacist) of 

the pharmacy will have to realize all PN preparations and analytical controls. This means 

a new organization of the urgency service of the hospital’s pharmacy as well as of the 

NICU, meaning that additional personnel is needed, greater delays for PN delivery are 

expected during these shifts and higher costs for PN production are incurred.  

These reasons are an incentive to keep on working on standardized PN solutions. 

2.3.3.3.1 Risk assessment 

Another approach to evaluate and classify the risks related to the PN preparation on the 

ward was the performance of a risk assessment. In prevision of the project to centralize 

all PN preparations at the pharmacy, a risk analysis was performed. The objectives were 
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to identify, evaluate and compare the risks associated with the entire management of 

the PN process considering the two separate preparation sites (NICU and pharmacy).  

The choice was made for a preliminary risk assessment (PRA) as this method is usually 

used in prevision of an upcoming project and when a large and complex process needs 

to be analyzed. A PRA is less time-consuming than other previously described risk 

assessments and enables to define topics to be further focused on.  

The PRA highlighted the difference in security of the PN preparation at the two sites. 

The results showed that seven vs. two “non-acceptable” risks were related to the 

preparation process at the NICU vs. at the pharmacy, respectively. A risk is already 26% 

less likely to occur when PN is prepared and analyzed at the pharmacy without 

implementing any improvement measures. The assessment emphasized the advantages 

of a centralized PN production, which secures the PN compounding process and 

increases the quality of nutritional treatment of neonatal patients.  

The detailed description of this risk assessment is presented in the second article due to 

be published after revision and editing (Section 0). 
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2.4 Development process of a standardized parenteral nutrition solution  

Due to the lack of standardized PPN allowing an administration directly after birth of 

neonatal patients, a working group composed of pharmacists, clinicians, neonatologists 

and industrials was set up.  

The aim was to develop a standardized PPN solution conforming to the needs of the two 

implicated neonatal services of the university hospitals of Geneva (Hôpitaux 

Universitaires de Genève - HUG) and Lausanne (CHUV). Therefore, the first steps were 

to define the composition, concentrations and mode of administration of the PN 

resulting in a significant number of bags to be produced by the industry.  

The choice fell on a moderately concentrated formulation for the first days of life of 

newborns needing parenteral feeding. To reach a bigger number of potential patients 

as well as to conform with the practices of both sites, the osmolarity was limited to 900 

mOsm/L to allow a peripheral venous administration.  

 

2.4.1 Situation and the perspectives in Switzerland  

Since different practices of PN management for neonatal patients are applied 

worldwide, the interest in what is done in other hospitals in Switzerland grew 

significantly. Therefore, a national survey was performed with the aim at gaining 

knowledge and evaluating the actual situation and consequently approaches to the 

handling of PN as well as the different strategies of nutritional treatment applied in the 

concerned hospitals. The results are also supposed to help developing a standardized 

PPN that may potentially be of a nation-wide interest. A larger interest means more sold 

products, implies bigger batch productions and reduced related costs. 

The detailed objectives, methods, results and the conclusion of this conducted national 

survey are described later in Section 4.1. 
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2.4.2 Standardized parenteral nutrition of the HUG as starting point 

Several years of experience with standardized PN at the HUG allowed the working group 

to revert to one of these solutions developed locally by Bouchoud et al. An evaluation 

of PN prescriptions for their neonatal patients was performed to find the most applied 

PN compositions [23].  

Two solutions are available for the treatment of newborn infants from birth (called “J0”) 

up to five days of life (called “J1-4”). They are detailed in the following Table 10. 

Table 10: Composition and concentrations of standardized parenteral nutrition solutions developed by Bouchoud et 
al. and applied at the HUG neonatal service 

Formulation “J0” for the 1st day of 
life (100 mL/kg/d) 

“J1-4” for days 2 to 5  
(100 mL/kg/d) 

Amino acids g/kg/d 3 3 

Glucose mg/kg/min (g/kg/d) 7.5 (10.8) 7.5 (10.8) 

Sodium mmol/kg/d - 2 

Potassium mmol/kg/d - 1 

Calcium mmol/kg/d - 1.1 

Phosphate mmol/kg/d - 0.86 

Heparin UI 50 50 

Non-protein energy kcal/kg/d 43 43 

Total energy kcal/kg/d 55 55 

Osmolarity mOsm/L 950 1’000 

 

These solutions were prepared as All-in-One (AIO) solutions in a single-chamber bag. 

Lipids were delivered separately in a syringe. Organic salts of electrolytes were used to 

increase the stability of the solution and to prevent precipitations. Due to the high 

osmolarity of both solutions, administration must be performed by central venous 

access only [165]. 
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2.4.3 Guidelines  

The revision of the ESPGHAN guidelines from 2005 was expected to be published in 

2015. As this revision was finally published in summer 2018 only, this thesis, starting in 

2015, was initiated with the latest version and the risk of not conforming to the new 

one.  

 

2.4.3.1 Nutritional requirements 

For a standardized solution aiming to be administered directly after birth and on the first 

days of life of newborn term and preterm infants, the PN solution “J1-4” developed at 

the pharmacy of the HUG corresponded well to the requirements. Nevertheless, due to 

the planned administration directly after delivery and the risk of hyperkalemia, 

potassium was completely removed from the formulation which then still corresponds 

to the recommendations.  

Following a working group consensus, the AA supply was raised slightly as discussions 

on higher early AA intake up to 4 mg/kg/d potentially resulting in better cerebral 

development were ongoing at this time [95].  

To allow a peripheral administration, the glucose concentration was reduced to conform 

to the osmolarity limit of 900 mOsm/L.  

The use of heparin to reduce the risk of venous thromboembolism is widely discussed 

as there are a lot of complications related to its administration in neonates (e.g. 

intracranial hemorrhage). Therefore, heparin was also removed from the final 

formulation. 

The decision was made to omit lipids from the final formulation to allow the 

recommended gradual increase of the amount of lipid emulsion conforming to the 

patients’ needs during the first days of life.  
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2.4.3.2 Osmolarity 

The ESPGHAN guidelines from 2005 served as reference for the development of the two 

standardized PN solutions prepared by the HUG pharmacy, which recommended the 

limit of 850 mOsm/L for the peripheral venous access (PVA). However, the 

recommended limit of osmolarity still allowing a safe PN administration by PVA was 

increased to 900 mOsm/L since then. Several studies even report safe peripheral 

administrations beyond this limit [166]. The new ESPGHAN/ESPEN/ESPR/CSPEN 

guidelines from 2018 finally adapted their recommendation to privilege central venous 

catheters (CVC) for PN solutions above 900 mOsm/L [106]. 

This topic was quite delicate, because it reduces the concentrations of the different PN 

components, especially for glucose, the main contributor for energy. Additionally, a too 

high osmolarity for PVA might result in venous access complications like phlebitis. In 

order to still allow an adequate energy intake furnished from glucose, the final 

formulation approaches the recommended limit for osmolarity.  

Nevertheless, the interest in what kind of osmolar PN solutions are administered to 

neonates and whether the calculated theoretical osmolarity conforms with the analyzed 

real osmolarity, grew with this reflection. Therefore, the project of theoretical vs. real 

osmolarity described in Section 4.2 was initiated.  

 

2.4.4 Final formulation 

The final composition of the standardized PN solution developed in a collaboration of 

pharmacists, clinicians and neonatologists of the HUG and CHUV is presented in Table 

11. An administration volume of a minimum of 150 mL has been fixed by the working 

group to enable the recommended fluid intake to be administered to all concerned term 

and preterm infants of different birth weights. It has also been defined that the glucose 

and electrolytes compartment will be the lower one and the AA compartment the upper 

one of the infusion bag. In the case that the mixing of the compartments might be 

forgotten, this arrangement can help to reduce the risk of a separate administration of 
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AA only which would then principally be used as source of energy and not as source of 

proteins as targeted.  

Table 11: Composition of the standardized parenteral nutrition solution 

Volume  1’000 mL 

Amino acids g/L 31.4 

Glucose g/L 100.1 

Sodium mmol/L 20 

Calcium mmol/L 11 

Phosphate mmol/L 8.6 

Chloride mmol/L 10 

Non-protein energy kcal/L 400 

Total energy kcal/L 525 

Osmolarity mOsm/L 883 

 

A detailed table of the supplied component concentrations conforming to the 

administration volume is shown in Appendix 1.  
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2.5 Industrial production 

An industrial production of the developed PN solution was targeted from the beginning 

of this thesis. The aim of an industrial production as “formula hospitalis” was to 

outsource the complex and time-consuming preparation of standardized PN. At the 

same time, the quality and stability of the high-risk product are maximized due to 

extensive analytical qualitative and quantitative controls. Moreover, a terminal 

sterilization will be applied instead of an aseptic filling which will increase the sterility 

assurance level. 

The industrial partner chosen for this project is B. Braun Medical who is located in 

Crissier, Switzerland, close to the CHUV and with whom several other subcontracts 

already existed. After an initial feasibility study performed by the pharmaceutical 

development team, B. Braun Medical Crissier accepted to perform the industrial 

manufacture of this new product. Internally, the project was called “HeraNeo” which 

stands for Hera, the goddess of women, marriage, family and childbirth as well as for 

Neo, the neonates for whom the solution is destinated.  

 

2.5.1 Packaging design 

B. Braun Medical manufactures multi-chamber bags for their adult PN solutions. Thanks 

to this knowledge and to improve the stability as well as to increase the shelf life, a 

production of a double-chamber bag (DCB) has been chosen for this project. The first, 

upper compartment contains an AA admixture (Aminoplasmal® Paed 10%, B. Braun 

Medical, Germany) and the second, lower compartment is composed of glucose and 

electrolytes (sodium, organic calcium and organic phosphate), both conforming to the 

final PN formulation (Table 11).  

Several tests were performed to (1) develop the best design and layout for the infusion 

bag (Table 12) as well as (2) achieve repeatable results for the final sterilization by heat 

steam. These tests resulted in an optimal filling volume of 250 mL meaning 79 mL of the 
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AA solution in the first and 171 mL of the glucose and electrolytes admixture in the 

second compartment.  

Table 12: Design finding for the standardized parenteral nutrition infusion bag 

Initial infusion bag design Examples for design 
finding  

Final infusion bag design 

 

 

 

 

 

The material used for the primary packaging was a B. Braun Medical multilayer 

coextruded film. The secondary packaging with barrier properties for oxygen consisted 

of the high gas barrier material silicon dioxide (SiO2) foil made of cast polypropylene (PP) 

outer and inner layers and a SiO2-coated polyethylene terephthalate (PET) middle layer. 
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The name chosen for the final product followed the nomenclature of B. Braun Medical 

for their adults’ PN series called Nutriflex® followed by the specialty of the concerned 

product. In this case, the suffix is generated by the administration of PN to neonates by 

PVA: Nutriflex® NeoPeri.  

The label of the infusion bag was designed to indicate all mandatory information [167] 

as well as further information on the composition of the bag to assure a safe application 

of the product (Figure 10).  

 

Figure 10: Label of the infusion bag 

 

The final packaging carton was designed to contain eight Nutriflex® NeoPeri infusion 

bags and light protecting overwraps for each bag corresponding to the 

ESPGHAN/ESPEN/ESPR/CSPEN guidelines which recommend to systematically protect 

PPN for neonates from ambient light exposure. 

 

2.5.2 Laboratory analyses and stability testing 

Each analytical method used for quantitative and qualitative controls had to be validated 

previously and mandatory to conform with current GMP guidelines. For this product, 
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several controls in accordance with the Ph. Eur. were performed to prove quality and 

conformity with the predefined product specifications. These analyses were performed 

on all stored samples for stability testing purpose and at each timepoint. A stability of 

18 to 24 months at room temperature was targeted to reduce storage constraints and 

limit new production cycles due to expiration. Some of these analyses have to be 

performed to demonstrate the conformity with the product specifications before batch 

release by a qualified person (Table 13).  

Table 13: Analytical controls performed on stored samples for stability testing and batch release purpose  
(HPLC = High Performance Liquid Chromatography, Ph. Eur. = European Pharmacopeia) 

Analytical control Test procedure 

Quantitative components analysis Depending on component (e.g. 
spectrophotometry, polarimetry) 

Quantitative analysis of each amino acid HPLC 

Coloration of the solution (Maillard reaction) Ph. Eur. 2.2.2 

Control of pH Ph. Eur. 2.2.3 

Detection of known degradation products (e.g. 
N,N-diacetylcystine) 

HPLC 

Clarity and degree of opalescence  Ph. Eur. 2.2.1 

Detection of subvisible particles Ph. Eur. 2.9.19 

Sterility  Ph. Eur. 2.6.1 

Bacterial endotoxin Ph. Eur. 2.6.14 

 

An in-use compatibility study with vitamins and trace elements was performed on the 

final product after the mixing of the two compartments aiming to confirm the safe 

simultaneous administration in conformity with the recommendations. Compatibility 

testing for adjunctions of higher concentrations of vitamins and trace elements are 

ongoing.  
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2.5.2.1 N-acetylcysteine degradation 

The nutritional guidelines recommend the administration of the semi essential AA 

cysteine to preterm neonates due to their biochemical immaturity resulting in an 

inability to sufficiently synthetize endogenous cysteine. Most of the time, the soluble 

precursor NAC is used in PPN as it easily converts into bioavailable cysteine.  

During the stability evaluation of the developed intravenous solution, raised amounts of 

DAC, the almost unconvertable dimer of NAC, were found.  

Therefore, triggers as well as the oxidation process of NAC to DAC were investigated to 

evaluate possibilities of reducing DAC formation in standardized PPN.  

The analysis showed that oxygen is principally delivered from the primary headspace 

and that DAC is exclusively delivered by NAC oxidation. The reaction of NAC to DAC is 

containable by limiting the oxygen concentration and therefore, the primary headspace 

must be minimized during manufacturing and oxygen absorbers must be added into the 

secondary packaging for a long-term storage. 

The detailed description of this degradation investigation is presented in the third 

published article (Section 3.3). 

 

2.5.3 Manufacturing process 

Since merely a small batch size of ≤3’000 infusion bags is being produced, the 

manufacturing process is only partially automatized. The manufacturing scheme of a 

Nutriflex® NeoPeri bag is shown in Figure 11. 

After forming of the empty infusion bags (Empty bag), labels are printed on the lower 

compartment by means of a thermal transfer of permanent ink (Printing). The labeled 

bags are afterwards equipped with ports for each of the two compartments (Port 

sealing). The filling process is performed semi-automatically by consecutive filling of the 

lower compartment with the glucose and electrolytes solution first (GL Filling) and then 

the upper compartment with the AA admixture (AA Filling). These filled bags are 
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overwrapped in a secondary packaging including two fast acting oxygen absorbers next 

to the port systems as well as an oxygen indicator which are to be inserted just before 

the sterilization process and therefore not yet on the concerned picture hereafter 

(Overwrapping). After the final heat steam sterilization (Sterilization), eight infusion 

bags are packaged in a carton including light protection overwraps for administration.  

   

 

Empty bag Printing Ports sealing  

 

    
GL Filling AA Filling Overwrapping Sterilization 

 
Figure 11: Manufacturing scheme of Nutriflex® NeoPeri 
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2.6 Implementation as a standard of care on the neonatal ward 

The production of this standardized PN solution was initially realized as an aseptic 

“formula hospitalis” preparation with final sterilizing filtration by the pharmacy in single 

chamber infusion bags and a stability of 12 weeks under refrigerated conditions (2-8°C). 

This was a temporary solution to allow an earlier provision of a safe PN for neonatal 

patients awaiting the delivery of the first industrial batch.  

The standardized PN solution has been implemented successfully on the neonatal ward 

in March 2019. Since then, an average of approximately 90 bags per month have been 

used. A preliminary evaluation (further discussed in Section 4.3) of the different types 

of PN administered to neonatal patients showed a reduction of on-ward PN preparations 

of nearly 80%. 

 

2.6.1 Procedure of implementation 

To prepare a good application of the first standardized PN on the neonatal ward at the 

CHUV, the neonatologists participating in the project since the beginning, established 

criteria and defined a decision tree aiming to guide all PN prescribing colleagues.  

The implementation of the new product as a standard of care was accompanied by 

several training and information sessions for the whole neonatal site staff, including 

neonatologists, pediatric physicians and nurses. The product and its specifications were 

also presented by pharmacists during these sessions to familiarize everybody as good as 

possible.  

The internally used electronic order form (Microsoft® Excel® spreadsheet) was adapted 

correspondingly to allow correct calculation of the nutritional intakes regarding all 

medications to be given.  

A “new mindset” was and is still necessary when PN is prescribed for neonatal patients. 

For each neonatal patient, the benefit-risk balance must be evaluated to assure a safe 

PN treatment with the required nutritional needs.  
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2.6.2 Safety evaluation 

As the neonatal ward of the CHUV never worked with standardized PN before, the 

physicians caring for patients by means of PN were instructed to pay special attention 

to adverse effects potentially related to the administration of this new solution.  

When administered peripherally, the rather high osmolarity of 883 mOsm/L of the 

standardized PPN Nutriflex® NeoPeri might be a reason for phlebitis. Another potential 

complication, the extravasation of the solution, might be caused by the calcium 

concentration as well as a prolonged duration of PN administration by PVA. 

This evaluation is still ongoing and first results will be available in December 2020, one 

year after starting the provision of the industrially manufactured PN solution Nutriflex® 

NeoPeri. 

  





3 Thesis articles 

 

Thesis articles
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3.1 Article 1 – Quality of on-ward parenteral nutrition 

 

 

 

 

 

 

QUALITY AND SAFETY OF PARENTERAL 

NUTRITION FOR NEWBORN AND 

PRETERM INFANTS AS AN ON-WARD 

PREPARATION  
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Doctoral thesis: Standardization of parenteral nutrition for neonates 
 

 

Isabelle Sommer, Pharmacy of Lausanne University Hospital  75 
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3.2 Article 2 – Preliminary risk analysis 

 

 

 

 

 

 

PARENTERAL NUTRITION POCESS 

MANAGEMENT FOR NEWBORN AND 

PRETERM INFANTS –  

A PRELIMINARY RISK ANALYSIS  
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Doctoral thesis: Standardization of parenteral nutrition for neonates 
 

 

 
90 Isabelle Sommer, Pharmacy of Lausanne University Hospital  

3.3 Article 3 – Degradation of N-acetylcysteine 

 

 

 

 

 

 

STABILITY OF N-ACETYLCYSTEINE (NAC) IN 

STANDARDIZED PEDIATRIC PARENTERAL 

NUTRITION AND EVALUATION OF  

N,N-DIACETYLCYSTINE (DAC) FORMATION  
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4 Scientific evaluation and groundwork 

 

Scientific evaluation 

and groundwork 
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4.1 National survey 

In 2016, two questionnaires in French and German accompanied by a cover letter 

(Appendix 2) were developed and addressed via SurveyMonkey® to neonatologists and 

pharmacists working in Swiss hospitals having either a neonatal service or a drug 

preparing pharmacy. The survey was conducted during four months from March to June. 

The hospitals were chosen by means of the 2016 members list of the Swiss Society of 

Neonatology (SSN). The neonatal ward and the pharmacy of the CHUV hospital were 

included in the survey. In total, 19 neonatologists and 16 pharmacists of 19 different 

hospitals in Switzerland were contacted. Amongst the 19 contacted hospitals there were 

five Swiss university hospitals (Basel, Bern, Geneva, Lausanne, Zurich), as well as eight 

cantonal hospitals (Aarau, Baden, Grisons, Fribourg, Lucerne, Munsterlingen, St. Gallen, 

Winterthur) and six regional or pediatric hospitals (Biel, Morges, Neuchâtel, Sion and St. 

Gallen, Zurich). 

The questionnaire addressed to neonatologists (Appendix 3) concerned inter alia the 

number, composition and administration type (venous access) of PN given to newborn 

term and preterm infants, the number of beds available for neonatal patients, the 

neonatologists’ opinions regarding the standardization of PN and their willingness to 

change habits in case of availability of standard PN for their neonatal patients.  

The pharmacists’ questionnaire (Appendix 4) treated the points of how (manually, 

automatically) PN is prepared, stored and transported as well as the quantity and the 

type of PN (binary, ternary) prepared and also the quality controls performed on each 

preparation. 

A descriptive analysis was performed of the data and answers received. 

 

4.1.1 Answers to the questionnaires 

The survey showed that there are variable strategies for prescription, preparation, 

conservation, transportation, analysis and administration of PN within Switzerland.  
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A total of 28 (80 %) of the 35 sent questionnaires were returned. From the 17 out of 19 

different hospitals that participated at the survey, 14 responses were obtained for each, 

neonatologists (74 %) and pharmacists (88 %).  

The 14 responding neonatal wards comprise a total of 276 beds, ranging from five to 40, 

for newborn term and preterm infants. Within the year preceding this national survey, 

more than 15’000 PN have been administered to neonatal patients conforming to the 

partial information given by neonatologists. In four hospitals, no neonatal patients are 

treated with PN and therefore no responses were obtained for evaluation from those 

neonatologists and pharmacists. 

Five hospitals are only administering standardized PN to their neonatal patients, six 

neonatologists indicated that they use exclusively individual ones and two centers work 

with both types of PN.  

Every hospital has its own directives concerning the venous line used for PN 

administration. The use of peripheral and central venous access amounts to 48% and 

52% respectively.  

The 14 responding pharmacies prepared a total of over 23’000 PN within the year 

preceding this survey. Four of them indicated that they prepare binary PN 

(glucose/AA/electrolytes without lipids), only one pharmacy is preparing exclusively 

ternary PN (glucose/AA/electrolytes/lipids included) and four others prepare both 

types, binary and ternary PN. Five hospital pharmacies do not prepare PN at all.  

The organization, including PN compounding, quality control and storage, depends on 

the quantity of PN prepared. In seven pharmacies, standardized PN are prepared with a 

stability varying from eight days to six months at refrigerated conditions (2-8°C). One 

pharmacy stores its standardized PN for maximally three months in a freezer (-18°C). Six 

out of nine pharmacies prepare PN on demand on the day of administration, except for 

weekends, with a stability of three to eight days under refrigerated conditions (2-8°C).  

Only two of the nine responding pharmacies already work with a CPOE system. All others 

still use manual prescription sent by fax. The methods to control prescriptions and to 
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translate them into preparation worksheets are different at all nine pharmacies. Some 

use commercial programs, some use customized programs and most of them use 

individually preformatted Microsoft® Excel® spreadsheets that are most commonly 

validated by means of double check. Two pharmacies do not have any program and 

therefore double check the computation of the ingredients. 

Three hospital pharmacies prepare their PN manually, four use an automated 

compounding device and two are using both systems depending on the kind of PN to be 

prepared.  

Quality controls of PN are not part of the routine. Those who use an automated 

compounding device have a gravimetric control during and at the end of the production. 

The composition of the prepared PN is controlled in four pharmacies. Microbiological 

tests are already performed in six pharmacies, but endotoxins are tested in only one of 

them. It can be observed that the quality aspect is getting more and more important 

and those who do not have controls yet are planning to install them shortly. 

The survey treated the question of whether the neonatologists and pharmacists are 

interested in a commercially available standardized PN for neonatal patients. The reply 

was mostly positive as well as the willingness to change their habits related to PN 

treatment and administration in consequence.  

 

4.1.2 Conclusion for an industrial production 

Since the participation in the survey was quite high, the general interest in this topic is 

recognizable. The answers to the questionnaires demonstrate that pharmacists as well 

as neonatologists would appreciate well-formulated, standardized pediatric PN 

solutions for neonatal patients. The availability of commercial PN allows to reduce 

practice disparities, recommendation discrepancies, nutritional diversities and 

especially medication errors related to PN treatment.  

Most of the survey’s participants are interested in standardized PN and are willing to 

change habits and applied practices to secure their processes. 
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For the thesis and the industrial partner, this knowledge was encouraging and significant 

because it demonstrated a huge interest in this domain and a potential nation-wide 

success of a product to be developed.   
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4.2 Theoretical vs. real osmolarity 

This topic was examined when the interdisciplinary working group was deciding on the 

limit of osmolarity to be chosen for the final PN formulation. The question was whether 

it is possible to rely on the theoretical osmolarity for PN to decide on what kind of venous 

access to use for administration. Therefore, a conformity evaluation of the calculated 

theoretical and the analyzed real osmolarity was performed on PN administered to 

neonatal patients of the CHUV.  

For this evaluation, PN prepared at the pharmacy was considered. Samples retained for 

the analytical controls for release have been used. The theoretical osmolarity was 

calculated conforming to the PN composition and compared to the real osmolarity 

resulting from analyses for osmolality (mOsm/kg) and relative density (g/cm3).  

The result was that six out of eight PN samples with a theoretical osmolarity of <900 

mOsm/L had a real osmolarity above this limit. The mean deviation of real to theoretical 

osmolarity was of +23% with a standard deviation of ±14 %. This can be explained by the 

fact that each raw material also has a higher osmolarity than indicated in the product 

information.  

In conclusion, this experiment demonstrated that even if the recommendation is 

adhered to, the real osmolarity can be drastically higher. It is never known exactly what 

concentration of osmotic active molecules are actually given despite the solution being 

analyzed for osmolarity. Therefore, the limit of 900 mOsm/L for the calculated 

theoretical osmolarity should be strictly adhered to, because even PN with a lower 

theoretical osmolarity can effectively reach this limit for the analyzed real osmolarity. 

On a positive note, PN close to this limit having been administered through peripheral 

veins did not result in more complications.  
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4.3 Use of nutritional solutions 

A monitoring of the use of the different types of nutritional solutions was performed 

just before and right after the introduction of the developed standardized PN in March 

2019. The aim was to directly compare the impact of the introduction of this PN solution 

and the attitude of prescribing physicians towards the standard.  

The month before the standardized PN was provided from the pharmacy to the neonatal 

ward, all PN prescriptions were consulted and the different types of PN preparations 

administered to inpatients were recorded for 28 days. Three types of PN preparations 

were available at this time: PN prepared by nurses on the ward, PN prepared at the 

pharmacy and a standardized 12.5% glucose dilution delivered by the pharmacy.  

The same procedure was conducted right after the introduction of the standard in 

March 2019 for a total of 16 days. Additionally to the three types of nutritional solutions, 

the standard PN solution was available.  

The results presented in Table 14 show a significant decrease of almost 80% of PN 

preparations performed by nurses on the neonatal ward (red values) and of more than 

70% of the 12.5% glucose dilution, but no change of the number of PN prepared by the 

pharmacy (orange values). Nearly 50% of all nutritional administrations were performed 

with the developed standardized PN after its introduction (green value). 

Table 14: Comparison of the use of nutritional solutions before and after the introduction of the standardized 
parenteral nutrition (No. = number, PN = parenteral nutrition, Pt = patient, G12.5% = 12.5% glucose dilution,  

NICU = neonatal intensive care unit, PHA = pharmacy, STD = standardized) 

 Before introduction (28 days) After introduction (16 days) 

 No. PN % No. Pt PN/Pt No. PN % No. Pt PN/Pt 

G12.5% 25 21.0 18 1.4 7 6.7 5 1.4 

PN NICU 59 49.6 24 2.5 13 12.4 8 1.9 

PN PHA 35 29.4 7 5.0 33 31.4 8 4.1 

PN STD     52 49.5 20 2.6 

Total  119  49 2.4 105  40 2.6 
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The neonatal patients to whom the standard PN was administered were born at a large 

scale of gestational age (GA), from 29 up to 42 weeks of pregnancy.  

In conclusion, the introduction of the standardized PN solution on the neonatal ward 

fulfilled its purpose of reducing the number of PN preparations performed by nurses on 

the neonatal ward under non-GMP conforming conditions and without analytical 

controls to confirm their composition and the absence of endotoxins.  

 



 



 

5 General conclusion and perspectives  

 

General conclusion  

Perspectives 
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5.1 General conclusion 

Parenteral nutrition (PN) is a crucial part of the initial nutritional support provided for 

newborn term or preterm infants in critical health situations. It is mandatory for a good 

cerebral and neurologic development as well as for a postnatal weight gain conforming 

to the intrauterine growth.  

The composition and the preparation of PN is complex and at high risk. Related 

medication errors include prescription, transcription, preparation and administration 

errors, consequently resulting in growth retardation, developmental disturbances and 

infections.  

Only few commercialized pediatric PN (PPN) are available for neonatal patients and are 

not used routinely due to patients’ varying needs of nutrients and the limited 

composition flexibility. Standardized PN assures an immediate and 24/7 availability of 

high-quality products on wards, minimizes the risk of medication errors and improves 

the medical treatment and clinical outcome of the treated inpatients. It also decreases 

the number of individual infusion bags needed to be prepared by nurses on the neonatal 

ward or in urgency situations. 

With the aim of reducing medication errors by the improvement of the security and 

quality of the nutritional treatment of newborn term and preterm infants, a 

standardized PPN for the first days of life has been developed in collaboration with the 

industry and implemented at the Centre Hospitalier Universitaire Vaudois (CHUV). This 

opens the prospect of a future registration of this product at Swiss or even European 

level. 

The first part of this thesis aimed at evaluating and assessing the need for centralizing 

the preparation of PN for neonatal patients at the central pharmacy on the one hand 

and the need to propose standardized PN in order to offer a ready-to-use nutritional 

treatment on the other hand. These objectives were achieved through the following 

projects: 
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 An evaluation of the status at the CHUV was performed to investigate the 

security and quality of PN prepared by nurses on the neonatal ward. Microbial 

as well as chemical analyses were performed to test for contamination and 

sterility issues as well as the accuracy of the prepared PN.  

• A preliminary risk analysis (PRA) was conducted for the two preparation sites to 

compare the risks related to the whole PN process, to identify deficiencies to be 

focused on and to improve the preparation of the project to centralize all PN 

preparations at the pharmacy. 

The second part targeted the development of a standardized PPN in collaboration with 

an industrial partner to respond to the need of a ready-to-use PPN with a long-term 

stability and practical storage conditions. Several projects lead to the achievement of 

this objective and were related to the development process: 

• Two questionnaires addressed to neonatologists and pharmacists were 

elaborated aiming to gain knowledge about the state of the art in other Swiss 

hospitals. 

• A new formulation of PPN was developed by a working group composed of 

pharmacists, neonatologists and industrials, responding to the estimated 

requirements of the two sites of application, the university hospitals in Lausanne 

(CHUV) and Geneva (HUG).  

• The development process of the standardized PPN revealed a considerable 

degradation of N-acetylcysteine (NAC), the precursor of the semi-essential AA 

cysteine, to its dimer N,N-diacetylcystine (DAC). This was further analyzed and 

evaluated. In order to counter this problem, oxygen absorbers were inserted into 

the industrial secondary packaging to maximally absorb residual oxygen amounts 

and consequently reduce the oxidation of NAC and its degradation to DAC. 

The results of all these projects and this thesis in its entirety are more than satisfying so 

far. The implementation of the standardized PN on the neonatal ward of the CHUV 

experienced an overall acceptance shown by a constant use of this nutritional treatment 
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for more than one and a half year. The centralization of all PN preparations at the 

pharmacy is ongoing and supposed to be realized in the beginning of 2021. Depending 

on the increase of PN preparations to be performed by the pharmacy from this moment 

on, new personnel and further standardized PN need to be acquired. 

Even if the process of developing such a high-quality product takes long, it is worth the 

time, effort and energy put into it. The most vulnerable hospitalized patients will benefit 

enormously from an improved and secured nutritional treatment. 

 

Figure 12: Nutriflex® NeoPeri infusion bag 

 

Figure 13: Nutriflex® NeoPeri outer carton including 
eight infusion bags 

 

Figure 14: Nutriflex® NeoPeri cartons 
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5.2 Perspectives 

The multidisciplinary collaboration of pharmacists, clinicians, neonatologists and 

industrials opened numerous perspectives of future projects helping to further secure 

the high-risk management process of PN treatment. 

 

5.2.1 Collaboration between pharmacy and neonatology 

Concerning PN management, the collaboration between the production unit of the 

pharmacy and the neonatology of the CHUV has never been this fruitful before the 

initiation of this thesis.  

As a high-quality nutritional treatment of neonatal patients is crucial for their 

development, growth and clinical outcome, this collaboration is of highest interest for 

all involved parties including the neonatal patients and their parents. Therefore, this 

bond should be strengthened further by constantly improving the PN process from 

prescription to preparation and administration.  

 

5.2.1.1 Satisfaction questionnaire 

After a certain period of use of the standardized PN, a satisfaction questionnaire is 

planned and going to be addressed to neonatologists and nurses of the neonatal ward 

to gain knowledge about their experiences with and remarks on the developed 

standardized PPN. As a next step, the general use and handling of the double-chamber 

bag (DCB) as well as indications of its administration is going to be recorded. 

This information will be helpful to define if regular training might be necessary to 

present the advantages of standardized PN or if there are practical barriers for a higher 

utilization of this PPN that need to be eliminated. 
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5.2.1.2 Further standardized solutions 

The above-mentioned questionnaire might also be helpful for a development of further 

types of standardized PN for neonatal patients.  

The standardized PN developed within the scope of this thesis is hopefully only the 

beginning of a set of standardized PN to be used for neonatal and pediatric patients. 

Nutriflex® NeoPeri is supposed to be administered directly after birth and the first days 

of life only, therefore, a complementary ensuing standardized PN is needed to raise the 

nutritional supply for increased requirements.  

This development will potentially need less time than the presented one as the whole 

industrial development with and by B. Braun Medical has already been realized and can 

be adapted for future PN DCB.  

 

5.2.2 Centralization 

The centralization of all PN preparations for neonatal and other pediatric patients at the 

central pharmacy of the hospital is strongly recommended in literature and the 

applicable nutritional guidelines. Therefore, this project of centralization has been in 

discussion for several years already. For a long time, the neonatology of the CHUV was 

not convinced of the purpose of this project as it was preferred to keep the liberty to 

quickly produce PN when it was considered necessary by a physician.  

By means of the quality assessment performed as first project of this thesis, the lack of 

quality in terms of composition conformity was demonstrated. The second project, the 

preliminary risk assessment, also highlighted the higher risk for vulnerable patients 

when PN is prepared on the ward and not at the pharmacy.  

These reasons as well as the 24/7 availability of a ready-to-use high-quality PN helped 

to convince the department and hence centralization of the PN preparation is starting 

in the beginning of 2021.  
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5.2.3 Financial impact 

The whole project has been put on hold for approximately one year due to financial 

discussions and the initial refusal by the financial department of the CHUV due to a too 

high increase of costs related to neonatal PN. Therefore, a request for proposal to other 

GMP-manufacturing suppliers had to be performed, which resulted in only one positive 

proposal coming from B. Braun Medical. 

For this reason, an evaluation of the actual financial impact of the implementation of a 

standardized PN solution needs to be performed including all aspects related to PN 

treatment (prescription, preparation, administration). At the same time, the care time 

for patients gained by nurses who do not need to prepare PN any more as well as the 

time gained at prescription by neonatologists, need to be evaluated and allocated in a 

financial value. 

 

5.2.4 Clinical research and marketing authorization 

An additional objective of the development of an industrialized “formula hospitalis” 

solution was a nation-wide provision of the standardized PN for the first days of life 

without needing to perform long-lasting clinical trials. If this can be achieved, the second 

step towards a marketing authorization is the performance of clinical trials to proof the 

safety and efficacy of the developed PN.  

Clinical trials may also demonstrate that standardized PN given to term and preterm 

infants directly after birth result in a better nutritional treatment and clinical outcome 

as well as in a significant reduction of medication errors related to PN prescription, 

preparation and administration.  
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Appendices 

Appendix 1 – Component concentrations conforming to 

administration volumes 

Volume Nutriflex NeoPeri [mL] 40 50 60 70 80 

Amino acids [g/kg/d] 1,3 1,6 1,9 2,2 2,5 

Glucose [mg/kg/min] 2,8 3,5 4,2 4,9 5,6 

Sodium [mmol/kg/d] 0,8 1,0 1,2 1,4 1,6 

Calcium [mmol/kg/d] 0,4 0,6 0,7 0,8 0,9 

Phosphate [mmol/kg/d] 0,3 0,4 0,5 0,6 0,7 

Chloride [mmol/kg/d] 0,4 0,5 0,6 0,7 0,8 

Energy [kcal/kg/d] 21,0 26,3 31,5 36,8 42,0 

 

 

 

  

Volume Nutriflex NeoPeri [mL] 90 100 110 120 130 

Amino acids [g/kg/d] 2,8 3,1 3,5 3,8 4,1 

Glucose [mg/kg/min] 6,3 7,0 7,6 8,3 9,0 

Sodium [mmol/kg/d] 1,8 2,0 2,2 2,4 2,6 

Calcium [mmol/kg/d] 1,0 1,1 1,2 1,3 1,4 

Phosphate [mmol/kg/d] 0,8 0,9 0,9 1,0 1,1 

Chloride [mmol/kg/d] 0,9 1,0 1,1 1,2 1,3 

Energy [kcal/kg/d] 47,3 52,5 57,8 63,0 68,3 

Volume Nutriflex NeoPeri [mL] 140 150 160 170 180 

Amino acids [g/kg/d] 4,4 4,7 5,0 5,3 5,7 

Glucose [mg/kg/min] 9,7 10,4 11,1 11,8 12,5 

Sodium [mmol/kg/d] 2,8 3,0 3,2 3,4 3,6 

Calcium [mmol/kg/d] 1,5 1,7 1,8 1,9 2,0 

Phosphate [mmol/kg/d] 1,2 1,3 1,4 1,5 1,5 

Chloride [mmol/kg/d] 1,4 1,5 1,6 1,7 1,8 

Energy [kcal/kg/d] 73,5 78,8 84,0 89,3 94,5 
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Appendix 2 – Cover letter accompanying the questionnaires 

 

Bonjour,  
 
Dans le cadre de ma thèse à la Pharmacie du CHUV à Lausanne, nous sommes en train d’élaborer une 
formule standard d’une nutrition parentérale pour l’administration en voie veineuse périphérique 
(VVP) (voir annexe).  
Ce questionnaire est destiné aux néonatologues et pharmaciens et sert à connaître les pratiques 
d’autres hôpitaux et l’intérêt pour une telle formule au niveau de la suisse.  
 
La formule a été élaborée d’une équipe se composant des pharmaciens et néonatologues des hôpitaux 
universitaires de Lausanne (CHUV) et Genève (HUG) et des industriels pharmaceutiques.  
Le but de la formule en question est de pouvoir mettre à disposition une nutrition parentérale pour 
VVP tout de suite après la naissance d’un enfant prématuré.  
Cette nutrition parentérale standardisée permettra de: 

- diminuer  le temps d’attente de l’alimentation du prématuré 
- diminuer  le risque d’erreur lors d’une fabrication dans l’unité des soins 
- diminuer  le stress de trouver la bonne formule dans un court délai 
- diminuer  le nombre de préparations à faire en urgence par la pharmacie 
- augmenter la qualité et la sécurité de l’administration d’une nutrition parentérale 
- augmenter la traçabilité de ce qui a été donné aux prématurés. 

 
Je me permets de vous demander de remplir le questionnaire en ligne ou de transférer ce mail à la 
personne qui sait répondre au mieux aux questions posées. Répondre à ce questionnaire vous prendra 
environ 5 à 10 minutes. 
 
Je vous remercie d’avance pour votre disponibilité et votre collaboration et je reste à votre disposition 
pour toute question.  
 
Je vous souhaite une très bonne journée. 
Avec mes meilleures salutations, 
Isabelle Angelstorf 
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Appendix 3 – Questionnaire for neonatologists 

 

  

Service de néonatologie 

a. Votre service se compose de combien de lit pour enfants prématurés ? 

...................................................................................................................................... 

b. Administrez-vous des nutritions parentérales ? 

Oui  Non 

Si oui, combien de poches de nutrition parentérale sont administré par an ? 

............................................................................................................................. ......... 

c. Utilisez-vous des nutritions parentérales standardisées ? 

Oui  Non 

Si oui, lesquelles ? ......................................................................................................... 

............................................................................................................................. ......... 

...................................................................................................................................... 

d. Utilisez-vous des nutritions parentérales « à la carte » ? 

Oui  Non 

Si oui, qui fabrique les poches pour votre service ? ......................................................... 

...................................................................................................................................... 

............................................................................................................................. ......... 

e. Quelles voies d’administration utilisez-vous et en quelle proportion (%) ? 

VVP ...........................  VVC ........................... 

f. Pensez-vous que vos poches sont standardisable ? 

Oui  Non 

Si oui, dans quel ordre de grandeur ? .............................................................................. 

............................................................................................................................. ......... 

...................................................................................................................................... 

g. Seriez-vous intéressé par une nutrition parentérale standardisée pour la voie veineuse 

périphérique commercialisée ? 

Oui  Non 

Commentaire : .............................................................................................................. 

............................................................................................................................. ......... 

...................................................................................................................................... 

h. Seriez-vous ouvert à changer vos pratiques si une telle formule sera disponible sur le 

marché ? ....................................................................................................................... 

............................................................................................................................ .......... 

...................................................................................................................................... 

i. Si vous êtes intéressé par cette formule, quelle serait votre consommation approximative 

par an ? ......................................................................................................................... 
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Appendix 4 – Questionnaire for pharmacists 

 

Service de pharmacie 

a. Préparez-vous des poches de nutrition parentérale dans votre service ? 

Oui  Non  Sous-traitance : ................................................. 

Si oui, de quel type ?   Standardisées  « à la carte » 

Commentaire : .............................................................................................................. 

......................................................................................................................................  

............................................................................................................................. ......... 

b. Quels types de solutions préparez-vous ? 

 Binaires (Glucose + AA + Electrolytes)  Ternaire (Binaires + Lipides) 

c. Quand fabriquez-vous les poches de nutrition parentérale les jours de la semaine ? 

La veille  Le jour même 

d. Quand fabriquez-vous les poches de nutrition parentérale en fin de semaine ? 

Le vendredi Au jour le jour (garde de weekend) 

e. Combien de poches fabriquez-vous par an ? .................................................................. 

f. Comment recevez-vous les prescriptions ? 

Manuellement (fax)                Logiciel de prescription : ..................................... 

Commentaire : .............................................................................................................. 

...................................................................................................................................... 

............................................................................................................................. ......... 

g. Travaillez-vous avec un logiciel pour les calculs et la fabrication des poches de nutrition 

parentérale ? 

Non  Oui :   Calculs     Fabrication  Les deux 

h. Quelle méthode de fabrication utilisez-vous? 

Manuelle  Automate : ................................................................................ 

i. Quelle stabilité et sous quelles conditions donnez-vous aux poches fabriquées à la 

pharmacie ? ................................................................................................................... 

...................................................................................................................................... 

...................................................................................................................................... 

j. Comment transportez-vous les poches vers les unités de soins et sous quelles conditions ?  

Chaîne du froid   Transport dédié               Transport par unité de 

soins 

 ...................................................................................................................................... 

...................................................................................................................................... 

k. Effectuez-vous des contrôles analytiques sur vos poches ?  

Non  Oui :   Composition     Microbiologie          Endotoxine 

Commentaire : .............................................................................................................. 

............................................................................................................................. ......... 

............................................................................................................................. ......... 



 

 


