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Abstract

Background: Environmental impact assessments of pharmaceuticals typically consider only a part of the pharmaceutical
supply chain, e.g. tablet formulation. While the environmental impact can be expressed in environmental Human Health
burden due to resource use and emissions, the Human Health benefit of the pharmaceutical treatment of patients is
currently not simultaneously taken into account. The study aims include a cradle-to-grave assessment of all Human
Health impacts of the production, administration and disposal of two antipsychotics for the treatment of schizophrenia.
This is complemented with the environmental impact of health care providers such as hospitals. The aim is to holistically
quantify to what extent the environmental Human Health burden compares to the Human Health benefit associated
with the treatment.

Methods: We applied an overall framework which included Life Cycle Assessment to model the environmental Human
Health impacts of the pharmaceutical supply chain, administration and disposal of the drug and health care providers. To
model the patient benefit, this was complemented with a Markov model with a 1-year time horizon. Three patient
groups were modeled: medicine coverage of paliperidone palmitate for either one month (PP1M) or three months
(PP3M) at a time, and compared to Treatment Interruption (TI) as a control group. Outcomes were quantified using Years
of Life Lost (YLL), Years Lived with Disability (YLD) and Disability-Adjusted Life Years (DALY).

Results: The main environmental impacts were visits to the psychiatrist and psychiatric hospitals. The pharmaceutical
supply chain had a limited impact. For 1000 patients for 1 year, PP1M and PP3M respectively avoided 0.38 and 0.49
environmental DALYs compared to TI. PP1M and PP3M further avoided 45.60 and 57.87 YLL and 23.31 and 29.91 YLD
compared to TI. The main outcome was the sum of environmental DALYs, YLL and YLD, in which PP1M and PP3M
respectively avoided 69.29 and 88.26 DALYs. Alternative analysis of Quality-Adjusted Life Years confirmed the results.

Conclusions: The overall environmental burden was lower for PP1M and PP3M treatment than Treatment Interruption
because patients are kept more stable, which reduces the environmental burden due to hospitals. Moreover, the Human
Health burden was outweighed by the Human Health benefit.
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Background
The field of environmental impact assessment of
pharmaceutical products has evolved in recent years,
shifting its focus from the pharmaceutical supply chain
to a complete health care pathway. This has been made
explicit in guidance and policy documents by the
Sustainable Development Unit (SDU) of the English
National Health Service (NHS) [1].
The expansion of this scope should be reflected in the

inclusion of health care providers such as hospitals next
to the pharmaceutical supply chain, considering all
resource use and emissions of hazardous compounds
associated with care pathways [2–5]. In the field of Life
Cycle Assessment (LCA), these resources and emissions
can be linked to an environmental cause-effect chain,
which finally results in damage to three main Areas of
Protection (AoP): Natural Resources, Natural Environ-
ment and Human Health [6]. Traditionally LCA focuses
on the burden of the products and services it analyses,
with the benefit being defined as the products or
services themselves. However, health care pathways rep-
resent a clear Human Health benefit to patients, which
should be included in a holistic assessment and com-
pared to the environmental Area of Protection Human
Health burden. This is also recognized by the Swedish
national pharmaceutical strategy [7].
From the perspective of health care professionals, it is

now agreed that environmental criteria should be con-
sidered when making decisions on health care interven-
tions, as confirmed by health care decision makers from
key industrialized countries such as the US, Canada, UK
and Germany [8]. However, the methodology to simul-
taneously capture both the environmental impact and
the patient benefit of full health care pathways is cur-
rently missing.
We propose and evaluate a new approach and scope

that allows the holistic quantification of the full burden
and benefit of a health care pathway [9–11].
This demonstration study examines the treatment of

schizophrenia, which is a devastating, long-term illness
with a prevalence of around 0.7% worldwide [12]. The
occurrence of an acute psychotic episode or relapse se-
verely affects the quality of life and mortality of patients
[13, 14]. Treatment with antipsychotics is recommended
to manage psychotic symptoms and prevent relapse [15].
However, many patients show limited adherence and
multiple longer periods of interrupted treatment, which
are associated with worsening of symptoms and risk of
relapse [16–21]. This is a well-established challenge for
patients and families, which can be addressed by long-
acting antipsychotic injections, ensuring medical cover-
age for a number of weeks or months [22, 23]. This
study assesses the treatment effect of two long-acting
antipsychotic injections: paliperidone palmitate once-

monthly injection (PP1M) and paliperidone palmitate
three-monthly injection (PP3M). NanoCrystal® technol-
ogy is used to formulate the medicine suspension for
both PP1M and PP3M, but due to an increased particle
size PP3M has a longer sustained release of active ingre-
dient [24–28].
The performance of PP1M and PP3M is quantified with

a modified Cost-Effectiveness Analysis (CEA), as used by
the pharmaceutical industry and health care policy deci-
sion makers [29]. This approach covers how a patient
feels, functions and survives as a result of the pharmaceut-
ical treatment [30]. Two metrics that can be used to
express this effectiveness in patients’ quality and quantity
of life are the Quality-Adjusted Life Years (QALY) and
Disability-Adjusted Life Years (DALY) [31–35]. These
patient outcomes are then compared to the environmental
impact, which represents the ‘cost’ of the treatment.
This study aims to holistically quantify and compare

the global environmental Human Health burden due to
resource use and emissions and the patient Human
Health benefit from treatment, with the patient con-
sumption profile, calculated for each individual patient,
as a functional unit.

Methods
Overall framework
Figure 1 gives an indicative overview of the framework
applied in the study, with finer detail to follow. The
environmental Human Health burden is quantified by
accounting for all resource use and emissions from the
relevant actors and phases in both the pharmaceutical
supply chain and the health care providers. The Human
Health benefit is located at the center of the figure,
where the patient receives treatment.
The methodological framework is detailed in Fig. 2,

which shows the interaction between the Markov model
and the LCA. The Markov model determines the patient
health benefit and provides the patient consumption
profile. The Life Cycle Inventory (LCI) is then con-
structed followed by a Life Cycle Impact Assessment
(LCIA) to determine the Human Health burden. Both
the Human Health benefit and burden are then com-
pared and aggregated.

Part I: human health benefit
We define and compare three patient groups: treat-
ment with paliperidone palmitate once-monthly injec-
tion (PP1M), treatment with paliperidone palmitate
three-monthly injection (PP3M) and Treatment Inter-
ruption (TI).
Patients in Treatment Interruption are considered not

to request medical treatment on their own initiative.
However, once hospitalized for an unscheduled or un-
foreseen admission, these patients receive the same
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medical care as patients in the PP1M and PP3M treat-
ment groups.

Model structure and design
We developed a Markov model to simulate disease
outcomes of patients for PP1M and PP3M treatment, as
well as Treatment Interruption. The model was built in
Microsoft Excel. The population is a hypothetical Bel-
gian patient cohort eligible for the maintenance treat-
ment of schizophrenia [36–38]. In order to utilize
evidence from the Randomized Clinical Trials (RCT) of
paliperidone palmitate, we defined the age of the pa-
tients in the Markov model as 19–65 years, which
matches the age of the patients in the RCTs [39–41].
Before starting PP3M, patients first require an initiation
treatment on PP1M of four months. To align the model
with the structure of the RCT, we assumed that this

initiation was completed at the start of the model. The
patients in PP1M and TI have also completed initiation
on PP1M before the first model cycle.
The model envelops 5 health states. The ‘Stable:

Adherent’ state represents patients that are not in re-
lapse and are adherent to the medication. Patients in the
‘Stable: Non-adherent’ state are not in relapse but have
completely discontinued their medication. Patients in re-
lapse can be treated in a hospital or an ambulatory care
setting in respectively the ‘Relapse: Hospitalization’ and
‘Relapse: Ambulatory care’ states. The ‘Death’ state is the
absorbing state.
Figure 3 displays the model states. Moving from relapse

back to the stable states was found to be time-dependent.
Therefore we introduced tunnel states with different tran-
sition probabilities dependent on the time that patient
have stayed in the relapse state. A full description of the
tunnel states can be found in Additional file 1 , page 2–3.

PHARMACEUTICAL SUPPLY CHAIN
PATIENTS AND

HEALTH CARE PROVIDERS

Drug
administration

API synthesis
Drug

Production

Packaging Distribution &
Supply

End-of-Life

General
Practitioner

General hospital

Psychiatric hospital

Ambulatory care

Psychiatrist

Fig. 1 Drug administration is where the patient and the pharmaceutical supply chain overlap

PATIENT CONSUMPTION PROFILE
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care visits

Syringes

Markov model

Benefit: Patients
Disability-Adjusted Life Years avoided
Quality-Adjusted Life Years gained

LIFE CYCLE INVENTORY (LCI)

Exchanges with the surroundings (resources and emissions) associated with the patient consumption profile
E.g. fossil fuels for API production, natural gas for hospital heating

LIFE CYCLE IMPACT ASSESSMENT (LCIA) CAUSE-EFFECT CHAIN

Environmental Human Health effects associated with the Life Cycle Inventory
E.g. particulate matter formation, climate change, depletion of the ozone layer

Burden: Environmental
Disability-Adjusted Life Years

COMPARISON AND AGGREGATION OF BENEFIT AND BURDEN
FOR PP1M, PP3M AND TREATMENT INTERRUPTION
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Fig. 2 Interaction between Markov model and Life Cycle Assessment. Abbreviations: GP, general practitioner; PP1M, paliperidone palmitate once-
monthly injection; PP3M, paliperidone palmitate three-monthly injection; TI, treatment interruption
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All the patients are considered adherent in the first
cycle of the model. Patients in Treatment Interruption
do not request medical treatment on their own initiative.
Therefore, they are only adherent for the first model
cycle as a result of the remaining medicine coverage.
From the second cycle onwards patients can discontinue
treatment, experience a relapse, die or return to one of
the previous health states. Patients in the PP3M state
can only discontinue treatment every 3 months. We
defined relapse as an acute psychotic episode which can
be treated in either a hospital or an ambulatory care set-
ting. Many definitions of relapse of patients with schizo-
phrenia are mentioned in the literature including patient
functioning, events such as hospitalization and multiple
symptom rating scales. However, there is no golden
standard as yet [17, 42–44].
When patients recover from a relapse they return to

either the Adherent or Non-adherent state. When patients
return to the Stable: Adherent state they re-initiate PP1M
or PP3M medication through the recommended re-
initiation regimen.
We chose a time horizon of 1 year because of the pa-

tients’ tendency to switch to other treatments even
within a 1-year timeframe [45]. In this study we assume
that patients stay on or return to the same medication
throughout the year. We adopted a cycle length of 1
month to match the medical coverage of PP1M.

Transition probabilities
We used data from the clinical trials of paliperidone
palmitate and hospitals in Belgium. We carried out 9 lit-
erature reviews to further support the transition probabil-
ities. Real-world evidence was used when available and
secondary analysis was performed, for instance to isolate

the patient group diagnosed with schizophrenia. The
search strategies can be found in Additional file 1,
page 6–15. An overview of the transition probabilities can
be found in the Additional file 2: Tables A.5, A.6, A.7.
The monthly probability of relapse from the Stable:

Adherent state was obtained from Savitz et al. for PP1M
(0.0086) and for PP3M (0.0075) [41]. The monthly prob-
ability for relapse from the Stable: Non-adherent state
was obtained from the placebo arm in Hough et al. for
PP1M and TI (0.0639) and from the placebo arm in
Berwaerts et al. for PP3M (0.0282) [39, 40]. The placebo
arms in these studies were first stabilized on PP1M or
PP3M and then randomized to placebo. The fact that
patients on placebo are not fully discontinued is consid-
ered conservative, as fully discontinued patients would
be worse off due to less contact with health care profes-
sionals. Analysis of the literature agrees with the used
values, as detailed in Additional file 1, page 6–9.
According to a sub-set analysis of Lorant et al., 69% of

patients in relapse are hospitalized in Belgium [46].
Consequently, 31% are in ambulatory care.
The length of relapse was assumed equal for patients

who were hospitalized or in ambulatory care. For
hospitalization it was assumed that patients were first
brought to the general hospital following an acute re-
lapse episode. After two days the patients are transferred
to a psychiatric hospital for the remainder of the relapse
(Audenaert K., personal communication). This is the
case for general hospitals without a long-term psychi-
atric care unit. Two psychiatric hospitals provided recent
data on the average length of an admission. Data from
one hospital was sufficiently detailed for analysis. The
graph of hospital discharge over time was right skewed,
with outliers driving the mean to higher values. Most
patients were discharged before the mean duration, with

STABLE

Adherent

Non-adherent

RELAPSE

Hospitalization
(8 tunnel states)

Ambulatory care
(8 tunnel states)

Death

PP1M initiation
completed

Fig. 3 Markov model simulating the disease outcomes
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some patients staying for longer periods. Given this
time-dependency of discharge, we introduced tunnel
states in the model. The same length of stay in a psychi-
atric hospital was assumed for PP1M or PP3M treat-
ment or Treatment Interruption.
After a relapse, patients have a 72% probability of

becoming Stable: Adherent and a 28% probability of
becoming Stable: Non-adherent [47].
We extracted the probability of treatment discontinu-

ation from [48], based on real-world evidence from filled
prescriptions at Belgian pharmacists. The monthly prob-
ability of discontinuation was 0.1200 for PP1M. Because
no evidence exists for PP3M, we extrapolated the differ-
ence in discontinuation between the biweekly injection
of Risperdal Consta and the monthly injection of PP1M.
This led to a three-monthly discontinuation probability
of 0.2816. The monthly probability of restarting the
initial drug after discontinuation was 0.1489.
The probability of death was calculated from the gen-

eral population mortality in Belgium [49]. We then
multiplied this with the Standardized Mortality Ratio
(SMR) for either stable schizophrenia or patients in re-
lapse. The former was obtained from Saha et al. as 2.58,
the latter from Hoang et al. as 6.2 [13, 50].

Disability sources and calculations
The disability of a disease can be weighted. A value of 0
represents no disability and 1 indicates full disability.
We adopted disability weights from the World Health
Organization (WHO) Global Burden of Disease (GBD)
2013 [51]. PP3M has a longer time between injections
and hence a reduced injection burden. However, we did
not assume a lower disability because of this. The dis-
ability weights did not include the occurrence of Ad-
verse Events (AE) such as Extra Pyramidal Symptoms
(EPS), weight gain or diabetes.
The disability weights can be found in Table 1. We

calculated the Years Lived with Disability (YLD) as
the disability weight of health state i (DW(i)) multi-
plied by the number of patients in health state i at
month t (p(i,t)) [33].

YLD i;tð Þ ¼ DW ið Þ � p i;tð Þ

Years of life lost (YLL)
When a patient dies in the model the Years of Life Lost
(YLL) are calculated as the number of deaths at age a
and month t (N(a,t)) multiplied by the Years of Life Lost
at age a (L(a)).

YLL a;tð Þ ¼ N a;tð Þ � L að Þ

The Years of Life Lost at death are 39.54, calculated
from people aged 19–65 (weighted mean age: 41.61) in
Belgium [49]. The fact that patients ‘age’ each month and
have a lower potential YLL as the model progresses was
taken into account. The YLL were not discounted [33].
The YLL are added to the YLD to calculate the

Disability-Adjusted Life Years (DALY):

DALY ¼ YLDþ YLL

We chose DALYs as the main outcome metric of this
study. Age-weighting or discounting of patient outcomes
was not considered as we followed the WHO guidelines
for the quantification of DALYs [33, 52]. We assessed
Quality-Adjusted Life Years (QALY) based on utility
values as a secondary outcome to validate the results.

Utility sources and calculations
Utility values represent the self-perceived wellbeing of a
person on a scale from 0 to 1 [34]. We obtained utility
values from Briggs et al. [53]. The study provides utility
values elicited from interviews with both patients and
laypersons. We chose to adopt the utility values from
the layperson group, which complies with the Belgian
guidelines and matches with the methodology of the
GBD disability values that are also weighted by the gen-
eral public [15, 52].
We complemented the utilities with the work of

Osborne et al., which studies the difference in utility based
on the time between injections in otherwise equal patients
[54]. The outcome suggests a significantly higher utility

Table 1 Disability weights and description of health states, available from Global Burden of Disease [51]

Health state Disability Health state description

Stable: Adherent 0.588 Schizophrenia: residual state
Hears and sees things that are not real and has trouble communicating.
The person can be forgetful, has difficulty with daily activities, and thinks
about hurting himself (or herself).

Stable: Non-adherent 0.588

Relapse: Hospitalization 0.778 Schizophrenia: acute state
Hears and sees things that are not real and is afraid, confused, and
sometimes violent. The person has great difficulty with communication
and daily activities, and sometimes wants to harm or kill himself (or herself).

Relapse: Ambulatory care 0.778

Death 1.000

Debaveye et al. BMC Health Services Research          (2019) 19:393 Page 5 of 16



for patients that are adherent on PP3M. Both Briggs and
Osborne used the Time Trade-Off (TTO) method to elicit
utilities. We included utility decrements for the following
Adverse Events (AE): acute Extra Pyramidal Symptoms
(EPS), weight gain (> 7% increase) and diabetes. Medica-
tion use can trigger AE, therefore the decrements were in-
cluded in the Stable: Adherent state but also in the Stable:
Non-adherent state. The decrements were weighted de-
pending on the AE probability of occurrence in the Ran-
domized Clinical Trials (RCT) [39–41].
The utility values can be found in Table 2. We calcu-

lated QALYs by multiplying the utility value of health
state i with the time that population p spends in that
health state (t(i,p)) [29, 55].

QALY i;pð Þ ¼ Utility value ið Þ � t i;pð Þ

Part II: human health burden
Goal and scope
The goal is to quantify and compare the environmental
Human Health burden associated with PP1M or PP3M

treatment and Treatment Interruption. The functional
unit is the patient consumption profile, defined as the
use of health care pathway elements in Belgium for 1
year for 1000 patients. This includes the number of used
PP1M and PP3M syringes, visits to the GP and psych-
iatrist, ambulatory care visits and days spent in general
and psychiatric hospitals. The monthly use of health care
pathway elements per health state per patient is dis-
played in Table 3. Regardless of the frequency of anti-
psychotic injection, we consider three psychiatrist visits
per month for all stable patients, as psychiatrists also
provide general follow-up in addition to administering
medication (Audenaert K., personal communication).
We calculated the environmental impact of the health

care pathway elements with the Life Cycle Assessment
(LCA) methodology. This study focuses on the Human
Health burden associated with environmental impacts.
The health care pathway elements are reflected in the

scope of the LCA as previously shown in Fig 1. Both the
pharmaceutical supply chain and the health care pro-
viders are considered. The former envelops the Active
Pharmaceutical Ingredient (API) synthesis, drug produc-
tion, packaging, distribution & supply and End-of-Life

Table 2 Utility values of the health states [53, 54]

Health state Utility Source & calculation

PP1M

Stable: Adherent 0.865 Layperson sample

Stable: Non-adherent 0.865 Assumed equal to Stable: Adherent

Relapse: Hospitalization 0.479 Layperson sample

Relapse: Ambulatory care 0.479 Layperson sample

Death 0.000 Assumed 0.000

PP3M

Stable: Adherent 0.916 Layperson sample and added benefit for
time between injections

Stable: Non-adherent 0.865 Assumed equal to Stable: Adherent

Relapse: Hospitalization 0.479 Layperson sample

Relapse: Ambulatory care 0.479 Layperson sample

Death 0.000 Assumed 0.000

Treatment Interruption

Stable: Adherent 0.865 Layperson sample

Stable: Non-adherent 0.865 Assumed equal to Stable: Adherent

Relapse: Hospitalization 0.479 Layperson sample

Relapse: Ambulatory care 0.479 Layperson sample

Death 0.000 Assumed 0.000

Utility decrements for adverse events

Acute EPS 0.291 Layperson sample (0.865–0.574)

Weight gain 0.086 Layperson sample (0.865–0.779)

Diabetes 0.153 Layperson sample (0.865–0.712)

Abbreviations: PP1M, paliperidone palmitate once-monthly injection; PP3M, paliperidone palmitate three-monthly injection; EPS, Extrapyramidal Symptoms
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phases. The latter contains General Practitioner (GP)
and psychiatrist, ambulatory care, psychiatric hospitals
and general hospitals. The two fields overlap at the drug
administration.
The LCA includes the use of chemicals, energy

sources, transport, water, industrial waste treatment,
packaging materials and End-of-Life disposal and fate of
the drug. The cost of infrastructure does not allow clear
allocation to the product, due to the uncertain lifetime
of fixed equipment and buildings and is therefore not
taken into account.

Methodology
The data and results in this study were obtained, proc-
essed and are presented according to the ISO 14040 and
ISO 14044 series [56, 57] and International Reference
Life Cycle Data System (ILCD) guidelines [58–60]. One
exception is made for the Human Health endpoint indi-
cator, as ISO 14044 does not support the grouping of
midpoint impact categories into endpoints. The ILCD
does support the use of endpoint indicators, although
some of the midpoint indicators used to calculate this
endpoint receive an interim recommendation [59]. The
main part of the Human Health burden is attributable to
Climate Change and Particulate Matter Formation which
both receive the highest classification (classification I:
recommended and satisfactory) on the midpoint level.
On the endpoint level, Climate Change is proposed as
the best among the analyzed methods while Particulate
Matter Formation receives classification I/II (recom-
mended and satisfactory/recommended but in need of
some improvements). The Life Cycle Impact Assessment
(LCIA) clearly details which characterization factors
were used.

Life cycle inventory
The inventory for the pharmaceutical supply chain was
gathered on-site at the Janssen Pharmaceutica sites in
Cork (Ireland), Geel and Beerse (Belgium). The system
boundaries of the foreground processes (the processes

that were analyzed in detail) were the limits of the pro-
duction plants. In addition, we also included the off-site
industrial waste treatment operations such as distillation
or incineration that were outsourced to third parties.
Transport of the intermediate products between the
Cork, Geel and Beerse sites was also taken into account.
We included the basic unit operations as well as the
main plant supporting processes. Primary data was used,
all life cycle stages were included and the electricity mix
was adapted depending on the origin of the electricity
per production site.
Data for the API chemical synthesis of the active in-

gredient paliperidone palmitate and Drug Production of
the PP1M and PP3M syringes was retrieved from Batch
Production Reports, Cleaning Procedures, Equipment
Manuals, yearly planning and partly through a shortcut
LCA tool developed by Van der Vorst et al. specifically
for the production plant in Geel [61]. The differences in
NanoCrystal® formulation between PP1M and PP3M
were included. The resource use of supporting processes
such as heating, cooling and generation of purified water
and steam was included. The (air) Heating, Ventilation
and Air Conditioning (HVAC) system was included for
the production in Cork and Beerse but not for Geel.
This is a limitation as the LCA tool by Van der Vorst
et al. does not include the HVAC system [61]. The in-
dustrial waste treatment of water-based and organic
waste was taken into account.
As the PP1M and PP3M medicines come in different

dosages, it was chosen to analyze the environmental bur-
den of the dosage with the highest market share, which
is 100 mg-eq. for PP1M and 350mg-eq. for PP3M (Jans-
sen Pharmaceutica, personal communication). The dos-
age in mg equivalents reflects the mass of the
pharmacologically active compound paliperidone, where
e.g. 100 and 350 mg-eq. relate to 156 mg and 546 mg
paliperidone palmitate respectively.
The Packaging included the electricity use and HVAC

of the packaging line and the primary, secondary and
tertiary packaging materials. Packaging materials specific

Table 3 The monthly use of health care pathway elements per health state per patient

Health state Syringes GP visits Psychiatrist visits Ambulatory care visits General hospital
bed days

Psychiatric hospital
bed days

Stable: Adherent PP1M 1 PP1M syringe 0.3 3 0 0 0

Stable: Adherent PP3M 0.33 PP3M syringe 0.3 3 0 0 0

Stable: Non-adherent 0 0.3 3 0 0 0

Relapse: Ambulatory care 0 0 6.2 2.17 0 0

Relapse: Hospitalization month 1 0 0 0 0 2 28

Relapse: Hospitalization month 2-8a 0 0 0 0 0 30

Death 0 0 0 0 0 0

Abbreviations: PP1M, paliperidone palmitate once-monthly injection; PP3M, paliperidone palmitate three-monthly injection; GP, General Practitioner
aPatients can stay in the 8th hospitalization state for multiple cycles, see Additional file 1, page 2–3
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for the Belgian market were analyzed. Rejections by
visual inspection of the syringe before packaging were
included.
The Distribution & Supply included the transport

from the production site in Beerse (Belgium) to the
European distribution center in La Louvière (Belgium).
This was added to the average distance from the
distribution center to a Belgian psychiatrist (69.225 km),
who administers the medicine in this model. The latter
was calculated by the Geography department at Ghent
University (Fransen K., personal communication). The
yearly returns and destructions were included.
The End-of-Life phase considers paliperidone, the

active metabolite of paliperidone palmitate. The total
mass of paliperidone administered to the patient is
subtracted by the percentage of API metabolized in the
patient (41%) and removed in the WWTP (64%)
(Janssen Pharmaceutica, personal communication). For
the latter an approximation was used from Vergeynst
et al. based on risperidone, which is identical to paliperi-
done except for one hydroxyl group [62].
The End-of-Life is based on Environmental Risk As-

sessment (ERA). When multiple measurements were
available, e.g. for KOC (the adsorption coefficient), the
worst-case value was adopted. The End-of-Life assess-
ment also included the waste disposal of the pack-
aging materials and the hazardous waste disposal of
the syringe.
Secondary data for the background processes (the pro-

cesses that support the foreground) such as energy and
chemicals were extracted from the ecoinvent v3.1 data-
base using SimaPro v8 software [63].
The LCI of the health care providers consists of the

average transport distance and the on-site energy and
water use.
The average transport distance from a Belgian house-

hold to the closest three GP’s (1.091 km) or psychiatrists
(7.055 km) and the closest hospital (10.933 km) was calcu-
lated by the Geography department at Ghent University
(Fransen K., personal communication). The transport was
assumed by car, as a modal split for health care-related
transport was not readily available. The number of visits
to the GP and psychiatrist was based on results from an
expert panel of Belgian psychiatrists [64].
For the general and psychiatric hospitals we included

the directly measured energy and water use based on
yearly reporting figures, recalculated per bed day. The
energy included electricity, natural gas and fuel. Any off-
site generation of e.g. heat was not included. Data was
obtained from 3 general hospitals and 5 psychiatric hos-
pitals in the Flanders region. The general hospitals were
the UZ Ghent hospital (Ghent), part of the UZ Leuven
hospital (Leuven) and the AZ St. Lucas hospital (Ghent).
The psychiatric hospitals were St. Camillus (Sint-Denijs-

Westrem), PC Caritas (Melle), Dr. Guislain (Ghent), St.
Jan (Eeklo) and Zoete Nood Gods (Lede). The amount
of beds represented was 1981 for the general hospitals
and 1071 for the psychiatric hospitals. A possible reduc-
tion in resource use at the home of the patient was not
taken into account.
Patients in the Relapse: Ambulatory care state receive

house visits from a nurse. In this case the nurses visit
several patients in a row. Data from the mobile team at
the Psychiatric Centre Gent-Sleidinge was used to calcu-
late the average number of visits per month (2.17) and
transport distance by car per patient (5.17 km). This is
based on a total of 3018 house visits.

Life cycle impact assessment
The Impact Assessment focused on the impact categories
with an effect on Human Health: Climate Change, Human
Toxicity, Ionizing Radiation, Ozone Depletion, Particulate
Matter Formation and Photochemical Oxidant Formation
[65–69]. These were used to calculate the EndPoint
Human Health burden through the ReCiPe v1.11 impact
assessment method, which is identified as the best practice
model for Human Health burden [6, 60, 70, 71].
The End-of-Life impact assessment of the molecule

considered emissions to continental freshwater using the
USEtox methodology [60, 72].
The results of the impact assessment were subdivided

according to the type of resource or service: water, nitro-
gen, chemicals (reagents and solvents), energy (natural
gas, electricity, fuel), packaging materials, industrial
waste treatment, transport and End-of-Life.

Value choices
The Human Health damage can be calculated using dif-
ferent sets of Value Choices, each representing specific
requirements for the discounting and considered time
horizon of environmental effects. The Value choices also
include the age-weighting of populations on which the
environmental effects manifest [73, 74]. The consensus-
driven Hierarchical perspective was chosen. This per-
spective considers a long time horizon for environmental
effects to manifest and bases itself on scientific consen-
sus, as opposed to the Individualist (optimistic) and
Egalitarian (pessimistic) perspectives [59]. The use of a
0% discount factor and the avoidance of age-weighting is
consistent with the assessment of disease outcomes
resulting from treatment used in the Markov model.
The applied time horizon for the Human Health damage
is 100 years, which does not correspond to the 1-year
time horizon used in the Markov model. However,
matching time horizons in this case would not benefit
the research. On the contrary, given that effects of com-
pounds take years, if not decades to manifest in the
environment it is opportune to choose two different
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time horizons: a short and manageable time horizon for
the patient outcomes and longer time horizon to capture
the environmental effects [6].

Towards a net health effect
Both the patient health benefit and the environmental
Human Health burden of a pharmaceutical treatment
can be expressed in DALYs. Therefore we propose to
merge these two outcomes into a single score. We calcu-
late the ‘net health effect’ (DALYnet) as:

DALYpatient ¼ YLDpatient þ YLLpatient

DALYnet ¼ DALYpatient þ DALY env

With YLDpatient the disability of the 1000 patients,
YLLpatient the loss of life years of the patients, DALYpati-

ent the sum of the previous and DALYenv the environ-
mental DALYs. The DALYnet is then calculated and

compared across treatment with PP1M or PP3M and
Treatment Interruption.

Sensitivity analysis
A sensitivity analysis was performed as defined in Add-
itional file 1, page 18–20. The sensitivity of the Markov
model inputs with respect to the Human Health benefit
was assessed. As the patient consumption profile is based
on the same inputs, a range of environmental Human
Health burden results was obtained at the same time.

Results
The disease outcomes of the Markov model for 1000 pa-
tients during 1 year, as well as the environmental burden
are listed in Table 4. TI, PP1M and PP3M scenarios
yielded 626.80, 603.49 and 596.90 YLDs respectively,
resulting in an YLD reduction of 23.31 (− 3.72%) and

Table 4 Patient consumption profile and Human Health benefit and burden results

1. Patient consumption profile TI PP1M PP3M

Syringes (1 M) – 8055 94

Syringes (3 M) – – 2564

GP visits 2883 3322 3447

Psychiatrist visits 34,109 35,224 35,528

Ambulatory care visits 1849 701 371

General hospital bed days 791 335 178

Psychiatric hospital bed days 43,864 16,406 8699

2. Human Health benefit

Years Lived with Disability (YLD)

Total patient YLDs 626.80 603.49 596.90

ΔYLDs of treatment vs. TI (%) – −23.31 (−3.72%) −29.91 (−4.77%)

Years of Life Lost (YLL)

Total patient YLLs 346.23 300.63 288.36

ΔYLL of treatment vs. TI (%) – −45.60 (−13.17%) −57.87 (−16.71%)

Disability-Adjusted Life Years (DALY) = YLD + YLL

Total patient DALYs 973.03 904.12 885.26

ΔDALY of treatment vs. TI (%) – −68.91 (−7.08%) −87.77 (−9.02%)

Quality-Adjusted Life Years (QALY)

Total patient QALYs 785.22 830.54 881.35

ΔQALY of treatment vs. TI (%) – + 45.32 (+ 5.77%) + 96.13 (+ 12.24%)

3. Human Health burden

Environmental DALYs

Total environmental DALYs 0.954 0.579 0.468

ΔDALYs of treatment vs. TI (%) – −0.375 (−39.32%) −0.487 (−51.00%)

4. Net Human Health effects (net DALYs = YLD + YLL + environmental DALYs)

Total net DALYs 973.98 904.70 885.73

ΔDALY of treatments vs. TI – −69.29 (−7.11%) −88.26 (−9.06%)

Abbreviations: PP1M, paliperidone palmitate once-monthly injection; PP3M, paliperidone palmitate three-monthly injection; TI, Treatment Interruption
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29.91 (− 4.77%) for PP1M and PP3M respectively com-
pared to TI.
The Years of Life Lost (YLL) were 346.23, 300.63

and 288.36 YLL for TI, PP1M and PP3M respectively,
resulting in an YLL reduction of 45.60 (− 13.17%) and
57.87 (− 16.71%) for PP1M and PP3M respectively
compared to TI.
Hence, TI, PP1M and PP3M resulted in 973.03, 904.12

and 885.26 DALYs respectively. Compared to TI, PP1M
and PP3M avoided 68.91 (− 7.08%) and 87.77 (− 9.02%)
DALYs respectively.
The alternative analysis yielded 785.22, 830.54 and

881.35 QALYs for TI, PP1M and PP3M, which resulted in
a QALY gain of 45.32 (+ 5.77%) and 96.13 (+ 12.24%)
QALYs for PP1M and PP3M respectively compared to TI.
Analysis of environmental Human Health burden re-

sulted in 0.954, 0.579 and 0.468 environmental DALYs
for TI, PP1M and PP3M respectively. Compared to TI,
PP1M and PP3M avoided 0.375 (− 39.32%) and 0.487
(− 51.00%) environmental DALYs respectively.
The net DALY burden including both patient and en-

vironmental outcomes amounted to 973.98, 904.70 and
885.73 DALYs for Treatment Interruption or treatment
with PP1M or PP3M respectively, which resulted in a
DALY reduction of 69.29 (− 7.11%) and 88.26 (− 9.06%)
for PP1M and PP3M respectively compared to TI.
The environmental Human Health burden was di-

vided in three main parts shown in Fig. 4: the pharma-
ceutical supply chain, visits to the GP or psychiatrist
as well as ambulatory care visits and general and psy-
chiatric hospitals. Table 5 provides more detailed re-
sults with a subdivision concerning the resource type.
The difference between industrial waste treatment and
End-of-Life is that the former concerns treatment of
waste from pharmaceutical production sites, whereas
the latter envelops post-consumer waste. The negative
values in the table were caused by waste incineration
processes with energy recovery. This avoided the use

of virgin resources and was accounted as an environ-
mental gain. A table with a subdivision on midpoint
categories can be found in Additional file 1, page
16–17.
For PP1M 54.48% of the environmental DALYs origi-

nated from psychiatrist visits, 36.59% from psychiatric
hospital stays, 5.28% from general hospital stays and
2.46% from the pharmaceutical supply chain. For PP3M
68.04% resulted from psychiatrist visits, 24.03% from
psychiatric hospital stays, 3.18% from the pharmaceutical
supply chain and 3.47% from general hospital stays. For
TI 59.36% was caused by psychiatric hospital stays,
32.01% from psychiatrist visits and 7.57% by general
hospitals stays.
Visits to the psychiatrist and hospitalization in psychi-

atric hospitals caused the bulk of the Human Health
burden. When looking at the underlying resource use
for psychiatric hospitals, 78.27% of the total Human
Health burden was due to electricity use, 11.19% due to
fuel consumption and 8.87% due to natural gas use.
Hospitalization in general hospitals represented only 2
days per full hospitalization, and was therefore respon-
sible for a large DALY/day contribution. For the general
hospitals 57.66% of the total burden was due to electri-
city use and 40.93% due to fuel consumption. Conse-
quently, car transport and electricity use in hospitals
were the main cause of Human Health burden.
Ambulatory care performed significantly better than

hospitalization, contributing 0.40, 0.26 and 0.64% of the
total environmental DALYs for PP1M, PP3M and TI
respectively. The End-of-Life phase, a part of the supply
chain with traditionally a high focus on environmental
concerns had a negligible contribution to the total
Human Health burden.
The results of the one-way and probabilistic sensitivity

analysis can be found in Additional file 1, page 18–20.
Overall, the model was robust in the sense that the con-
clusion did not change in any of the analysis.

0.00E+00 2.00E-01 4.00E-01 6.00E-01 8.00E-01 1.00E+00

PP3M

PP1M

TI

Disability-Adjusted Life Years (DALY) for 1000 patients for 1 year

Pharmaceutical supply chain

Visits to GP or psychiatrist,
ambulatory care visits

General and psychiatric hospitals

Fig. 4 Environmental Human Health burden in Disability-Adjusted Life Years (DALYs): Abbreviations: GP, General Practitioner; PP1M, paliperidone
palmitate once-monthly injection; PP3M, paliperidone palmitate three-monthly injection; TI, Treatment Interruption
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Table 5 Environmental Human Health burden in Disability-Adjusted Life Years (DALYs)

TI API Drug
Production

Packaging Distribution
& Supply

End-of-Life
disposal
& drug fate

GP
visits

Psychiatrist
visits

Ambulatory
care visits

General
hospital days

Psychiatric
hospital days

Water N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 2.20E-04 3.99E-03

Nitrogen N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Chemicals - Reagents N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Chemicals - Solvents N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Energy - Natural Gas N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 7.20E-04 4.29E-02

Energy - Electricity N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 3.85E-02 3.79E-01

Energy - Fuel N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 2.73E-02 5.41E-02

Packaging materials N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Industrial waste
treatment

N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Transport N/A N/A N/A N/A N/A 3.99E-03 3.06E-01 6.08E-03 5.49E-03 8.70E-02

End-of-Life N/A N/A N/A N/A N/A 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

PP1M

Water 1.72E-06 4.38E-07 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 9.32E-05 1.49E-03

Nitrogen 6.25E-05 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Chemicals - Reagents 1.41E-03 1.89E-05 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Chemicals - Solvents 5.94E-04 6.76E-08 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Energy - Natural Gas 2.43E-03 2.06E-03 8.96E-04 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 3.05E-04 1.60E-02

Energy - Electricity 2.74E-03 1.48E-04 7.95E-05 −7.29E-06 −4.02E-04 0.00E+
00

0.00E+ 00 0.00E+ 00 1.63E-02 1.42E-01

Energy - Fuel 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 1.16E-02 2.02E-02

Packaging materials ND 4.36E-08 2.65E-03 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Industrial waste
treatment

9.95E-04 5.12E-07 0.00E+ 00 6.01E-06 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Transport 1.61E-05 0.00E+ 00 1.16E-04 5.13E-05 0.00E+ 00 4.60E-03 3.16E-01 2.30E-03 2.33E-03 3.25E-02

End-of-Life ND ND 0.00E+ 00 0.00E+ 00 3.75E-04 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

PP3M

Water 2.19E-06 5.67E-07 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 4.95E-05 7.92E-04

Nitrogen 7.94E-05 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Chemicals - Reagents 1.79E-03 2.28E-05 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Chemicals - Solvents 7.55E-04 8.59E-08 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00
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Discussion
The environmental Human Health burden is reduced
for PP1M and PP3M compared to TI because of a
decrease in hospitalization. Within the pharmaceutical
supply chain the largest environmental impact is associ-
ated with the API synthesis. However, the health care
providers together represent an impact 40 and 30 times
larger than the pharmaceutical supply chain of PP1M
and PP3M, respectively. Visits to the psychiatrist and
psychiatric hospitals were the main hotspots. This rein-
forces the need for holistic assessments when analyzing
the environmental performance of health care pathways.
Maintenance treatment of schizophrenia with PP1M

and PP3M also leads to less patient DALYs than TI
because the treatments prevent relapse. There is a strik-
ing difference in order of magnitude between the
avoided patient DALYs and environmental DALYs: re-
spectively 184 and 180 times more patient DALYs than
environmental DALYs were avoided for PP1M and
PP3M versus TI.
This is one of the first attempts to holistically quantify

the Human Health benefit and burden of a full health
care pathway. We expanded the environmental impact
assessment of a health care pathway to include both the
pharmaceutical supply chain and health care providers,
for which multiple primary data sources were used.
Methodologies from different fields of research were
combined in a new quantitative approach, using a com-
mon metric for the Human Health performance of
health care pathways.
The limitations of the study that should be noted are

the following. Even though real-world evidence was used
when available, the results of the Markov model are in-
fluenced by the Randomized Clinical Trials (RCT) that
provided input data. Hence, the results of the Markov

model should not be considered as real-world patient
benefits or burdens. The one-way sensitivity analysis in
Additional file 1, page 18–19 shows that the duration of
relapse is the most sensitive parameter. Data availability is
a limitation here, as this calculation is based on data from
one hospital. The model was robust and not particularly
sensitive to other parameters. The conclusion did not
change in any of the sensitivity analysis. It should however
be noted that the sensitivity analysis was based on point
estimates, which were varied by the standard deviation,
or ± 20% if the former was not available.
The results for both patient YLDs and QALYs are

high. This may seem contradictory, as a high number of
YLDs should be associated with a low number of
QALYs. This can be partly explained by the origin of the
disability weights and utility values. The Global Burden
of Disease (GBD) includes self-harm as part of the
disability description of both stable schizophrenia and
relapse, which may partly explain the high disability rat-
ing [51]. Furthermore, the health state description of the
GBD details severe symptoms, even for the residual or
stable state. We consider this to be a conservative
approach. The descriptions in Briggs et al. are less severe
and do not include self-harm [53].
Both YLDs and QALYs could have been used as the

main reporting metric on treatment impact on Human
Health. In this case, we preferred YLDs for two reasons.
First, the delta disability between stable schizophrenia
and relapse is smaller, resulting in a more conservative
benefit of avoided YLDs for treatment with PP1M or
PP3M compared to TI. There is also no additional bene-
fit for PP3M in the Stable: Adherent state. This can be
considered a conservative approach. Second, the use of
DALYs as a patient outcome matches the use of DALYs
as an environmental Human Health burden metric in

Table 5 Environmental Human Health burden in Disability-Adjusted Life Years (DALYs) (Continued)

TI API Drug
Production

Packaging Distribution
& Supply

End-of-Life
disposal
& drug fate

GP
visits

Psychiatrist
visits

Ambulatory
care visits

General
hospital days

Psychiatric
hospital days

Energy - Natural Gas 3.09E-03 2.62E-03 3.33E-04 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 1.62E-04 8.51E-03

Energy - Electricity 3.48E-03 1.88E-04 2.98E-05 −3.18E-06 −1.45E-04 0.00E+
00

0.00E+ 00 0.00E+ 00 8.66E-03 7.51E-02

Energy - Fuel 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 6.14E-03 1.07E-02

Packaging materials ND 7.57E-08 1.10E-03 0.00E+ 00 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Industrial waste
treatment

1.26E-03 6.51E-07 0.00E+ 00 2.62E-06 0.00E+ 00 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Transport 2.04E-05 0.00E+ 00 4.65E-05 2.24E-05 0.00E+ 00 4.77E-03 3.18E-01 1.22E-03 1.24E-03 1.73E-02

End-of-Life ND ND 0.00E+ 00 0.00E+ 00 1.48E-04 0.00E+
00

0.00E+ 00 0.00E+ 00 0.00E+ 00 0.00E+ 00

Abbreviations: PP1M, paliperidone palmitate once-monthly injection; PP3M, paliperidone palmitate three-monthly injection; TI, Treatment
Interruption; API, Active Pharmaceutical Ingredient; GP, General Practitioner; ND, Non-Determined; N/A, Not Applicable
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Life Cycle Assessment (LCA). This enables a direct com-
parison between both fields of research.
The LCA also has limitations. We only considered car

transport for visits to the GP or psychiatrist. For the
general and psychiatric hospitals we included energy
sources and water but not the food, cleaning or other
procurement. When patients relapse, health care pro-
viders administer emergency medication to suppress the
symptoms. This medication was not included in the as-
sessment, which is considered a conservative approach.
The negligible environmental impact of the End-of-Life
phase could be questioned. We chose a consensus model
out of the multiple toxicity models that are available
[72]. There is also a large spread in Absorption, Distribu-
tion, Metabolism, Excretion (ADME) and toxicity proper-
ties of drug substances [3, 75]. The small environmental
impact could also be explained by the low dose regimen
of the medicine. Therefore, the contribution of End-of-
Life to the total impact in this case is not representative
for all pharmaceuticals, although it does indicate that a
broader focus may be warranted when considering the
impact of pharmaceuticals in the environment.
There is an ongoing discussion on the grouping of mid-

point categories to calculate endpoints in Life Cycle As-
sessment. We argue that it is justified in this case because
of the opportunity to make a direct comparison between
the Human Health benefit and burden [76]. Midpoint
indicators are not suited to reflect this burden and only
consider effects. However, we acknowledge the criticism
of endpoint modeling for its high uncertainty [77].
We identified one prior study reporting patient and en-

vironmental outcomes of a pharmaceutical treatment [78].
For the treatment of type 2 diabetes, patient outcomes are
reported in QALYs and the environmental assessment is
in kg CO2 emissions. The carbon intensity of the treat-
ment is obtained through a cost-based top-down approach
of the average carbon footprint of pharmaceutical prod-
ucts procured by the NHS. While offering a transparent
and simple method to include environmental impacts in
health economic analysis, the results are not directly com-
parable to the outcomes in this study.
The English National Health Service (NHS) Sustainable

Development Unit (SDU) reports that in 2015 pharma-
ceuticals were responsible for 11% of the total Carbon
Footprint of the NHS [79]. The energy use of buildings is
associated with 18% of the Carbon Footprint and trans-
port causes 13% of the impact. The SDU uses a different
environmental impact method: the Carbon Footprint.
However, it is closely linked to Human Health damage, for
which Climate Change is typically the main driver.
The results of the SDU suggest a higher contribution of

pharmaceuticals and a lower contribution of buildings and
transport than reported in this study. This could be attrib-
uted to the difference in scope. The SDU considers the full

health care system while this study focuses on one disease
area. The analysis was also performed in a different coun-
try. Transport and the degree and type of hospitalization
are specific for each disease area and country. Further-
more, the drug dose per day in this study is low.
There is also a difference in approach. The care pathway

modules defined by the SDU are similar to the health care
pathway elements used in this study [1]. However, the
SDU uses a top-down approach which enables a fast as-
sessment of a full health care system. The current study
uses a data intensive, but more detailed bottom-up ap-
proach that also includes the benefits at the service level.
The results of this study are specific for the treatment

of patients with schizophrenia with long-acting anti-
psychotic injections in the Flanders region of Belgium.
The findings suggest that treatment with PP1M and
PP3M avoids Human Health burden for both patients
and the environment. Three suggestions are proposed to
enlarge this benefit even more.
First, ambulatory care could be promoted over

hospitalization. If this is feasible from a treatment per-
spective, it would reduce the environmental Human
Health burden considerably. Second, hospitals could
reduce the impact of their electricity consumption by
opting for a cleaner and more renewable energy mix.
Third, environmentally sustainable transport in health
care could be promoted. This is probably already the
case, as we assumed that all transport is by car, where in
reality patients might use public transport.
Our data suggest that academics and policymakers

evaluating a pharmaceutical treatment should consider
the full health care pathway including all environmental
and patient Human Health impacts.
The outcomes of this study should be further tested

and validated with research on other disease areas,
countries, health care settings and standards. It is un-
likely that the pharmaceutical treatment of patients will
avoid environmental Human Health burden in all dis-
ease areas. For instance, the results of this study could
be compared to a health care pathway with less intensive
contact with health care providers and a higher daily
dose of medication. This could provide further insights
in the relationship between the health care providers
and the pharmaceutical supply chain with respect to the
ranges of Human Health burden.
The environmental part of this study only considers im-

pacts on Human Health. Other Areas of Protection (AoP),
such as depletion of natural resources and damage to the
natural environment may be considered for inclusion in
future studies to capture all environmental aspects.

Conclusions
We consider the treatment of patients with schizophrenia
in Belgium with paliperidone palmitate once-monthly or
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paliperidone palmitate three-monthly long-acting injec-
tions. The treatments are compared with Treatment Inter-
ruption and reduce the cradle-to-grave environmental
Human Health burden, quantified as Disability-Adjusted
Life Years (DALYs), because of a lower risk of relapse,
leading to a reduction of hospitalization. Apart from
hospitalization, car transport of patients represents the
largest environmental Human Health burden. The treat-
ments represent a clear Human Health benefit for the
patients quantified as avoided DALYs, which is compared
to the avoided burden using a common metric. The re-
sults of this demonstration study can help policymakers to
identify and address the environmental Human Health
hot spots of the treatment of schizophrenia in Belgium.
The patient health benefit in avoided DALYs is several

orders of magnitude larger than the global environmen-
tal DALYs. Additionally, the environmental Human
Health burden is reduced by treatment because of a
lower risk of relapse, which reduces hospitalizations.
This benefit versus benefit conclusion is opposed to the
benefit versus burden result that one would expect [9].
While this study provides a first insight in the holistic

quantification of the Human Health benefit and burden of
a full health care pathway, these findings should be vali-
dated and contrasted with research based on real-world
data in different disease areas and in multiple countries.

Additional files

Additional file 1: Background information on model inputs,
assumptions and limitations, literature reviews, Life Cycle Assessment
results by midpoint category and sensitivity analysis. (DOCX 4880 kb)

Additional file 2: Transition probability matrices for the Markov model.
(XLSX 14 kb)

Abbreviations
AoP: Area of Protection; CEA: Cost-Effectiveness Analysis; DALY: Disability-
Adjusted Life Years; LCA: Life Cycle Assessment; LCI: Life Cycle Inventory;
LCIA: Life Cycle Impact Assessment; NHS SDU: National Health Service
Sustainable Development Unit; PP1M: Paliperidone palmitate one-monthly
injection; PP3M: Paliperidone palmitate three-monthly injection;
QALY: Quality-Adjusted Life Years; TI: Treatment Interruption; YLD: Years Lived
with Disability; YLL: Years of Life Lost

Acknowledgements
The authors wish to thank Janssen Pharmaceutica NV (Johnson and Johnson
Family of Companies) and the Flanders Innovation & Entrepreneurship
(VLAIO, Baekeland mandate grant no. 140249) for their financial support.
Special thanks go to the Janssen Pharmaceutica colleagues Alex Keenan, Bart
Malfait, Angelika Mehnert, Ying Zheng and the production departments in
Cork, Geel and Beerse for their aid in data collection. The authors also wish
to thank Kurt Audenaert of the Department of Psychiatry and Medical
Psychology (Ghent University), Koos Fransen of the Research unit Mobility
and Spatial Planning (Ghent University), Ghent University FIRE and BIOSTAT
statistical consulting and Julie Glanville of the York Health Economics
Consortium (University of York) for their valuable contributions to this study.
Furthermore the authors wish to thank the technical staff and patient
administrations from the general hospitals UZ Ghent, UZ Leuven and St.
Lucas Ghent and the psychiatric hospitals St. Camillus, PC Caritas, Dr.
Guislain, St. Jan, Zoete Nood Gods and PC Gent-Sleidinge for their support
and contributions to the study.

Author contributions
SD, DDS, BH, SK and JD were responsible for study conception. SD was
responsible for data acquisition and processing, study design, interpretation
of the results, and drafting of the manuscript. DDS, BH, SK and JD
contributed to the study design, interpretation of results and provided
critical revisions to the final manuscript. All authors read and approved the
final manuscript.

Funding
Janssen Pharmaceutica.
Role of the funder: the Janssen Pharmaceutica Environment, Health, Safety
and Sustainability and Health Economics departments have had a role in the
design of the study and collection, analysis, and interpretation of data and in
writing the manuscript.
Flemish Innovation and Entrepreneurship, VLAIO.
Role of the funder: the VLAIO did not have a role in the design of the study
and collection, analysis, and interpretation of data and in writing the
manuscript.
The work was jointly funded by previously mentioned entities in the form of
a VLAIO, Baekeland mandate grant (no. 140249).

Availability of data and materials
All data generated or analyzed during this study for the Markov model are
included in this published article and its supplementary information files.
The data that support the findings of the Life Cycle Assessment of this study
are available from Janssen Pharmaceutica but restrictions apply to the
availability of these data, which were used under license for the current
study, and so are not publicly available. Data are however available from the
authors upon reasonable request and with permission of Janssen
Pharmaceutica.

Ethics approval and consent to participate
The human data analyzed in this study originated from studies that
previously received ethics approval. Participant consent is not necessary in
this study as it involved the use of previously-published de-identified data.
On 21 November 2017 the Ghent University Medical Ethics Commission con-
cluded that the ethical rules were observed and according to the normal
submission of files the committee has no ethical objections concerning this
study.

Consent for publication
Not applicable.

Competing interests
SK and BH are employees of Janssen Pharmaceutica, an operating company
of Johnson & Johnson and also hold stock and options in Johnson &
Johnson. This work was carried out as part of a PhD program jointly funded
by the Flemish government (Flemish Innovation and Entrepreneurship,
VLAIO) and Janssen Pharmaceutica as a Baekeland mandate grant (no.
140249) of SD. SD received travel funding through the Baekeland mandate
grant. JD worked as a consultant for Janssen Pharmaceutica. DDS declares
no actual or potential competing financial interests.

Author details
1Research Group Environmental Organic Chemistry and Technology (EnVOC),
Faculty of Bioscience Engineering, Ghent University, Campus Coupure,
Coupure Links 653, B-9000 Ghent, Belgium. 2Department of Public Health,
Ghent University, Campus UZ, De Pintelaan 185, B-9000 Ghent, Belgium.
3Johnson & Johnson EHS&S, Janssen Pharmaceutica NV, Turnhoutseweg 30,
B-2340 Beerse, Belgium. 4Health Economics, Janssen Pharmaceutica NV,
Turnhoutseweg 30, B-2340 Beerse, Belgium.

Received: 1 November 2017 Accepted: 12 June 2019

References
1. Penny T, Collins M, Whiting A, Aumônier S. Care pathways: guidance on

appraising sustainability. In.: Coalition for Sustainable Pharmaceuticals and
Medical Devices (CSPM); 2015.

Debaveye et al. BMC Health Services Research          (2019) 19:393 Page 14 of 16

https://doi.org/10.1186/s12913-019-4247-2
https://doi.org/10.1186/s12913-019-4247-2


2. Jimenez-Gonzalez C, Overcash MR. The evolution of life cycle assessment in
pharmaceutical and chemical applications - a perspective. Green Chem.
2014;16(7):3392–400.

3. Alfonsín C, Hospido A, Omil F, Moreira MT, Feijoo G. PPCPs in wastewater -
update and calculation of characterization factors for their inclusion in LCA
studies. J Clean Prod. 2014;83:245–55.

4. Marsh K, Ganz ML, Hsu J, Strandberg-Larsen M, Gonzalez RP, Lund N.
Expanding health technology assessments to include effects on the
environment. Value Health. 2015;19(2):249–54.

5. De Soete W, Boone L, Willemse F, De Meyer E, Heirman B, Van Langenhove
H, Dewulf J. Environmental resource footprinting of drug manufacturing:
effects of scale-up and tablet dosage. Resour Conserv Recycl. 2014;91:82–8.

6. Goedkoop M, Heijungs R, Huijbregts MAJ, De Schryver A, Struijs J, van Zelm
R. ReCiPe 2008: a life cycle impact assessment method which comprises
harmonised category indicators at the midpoint and the endpoint level.
Report I: Characterisation In, First edition edn: Dutch ministry of Housing,
Spatial Planning and the Environment. 2009.

7. Ministry of Health and Social Affairs: The National Pharmaceutical Strategy
2016–2018. In. Stockholm: Government Offices of Sweden; 2016.

8. Tanios N, Wagner M, Tony M, Baltussen R, van Til J, Rindress D, Kind P,
Goetghebeur MM. Which criteria are considered in healthcare decisions?
Insights from an international survey of policy and clinical decision makers.
Int J Technol Assess Health Care. 2013;29(4):456–65.

9. Debaveye S, De Soete W, De Meester S, Vandijck D, Heirman B, Kavanagh S,
Dewulf J. Human health benefits and burdens of a pharmaceutical
treatment: discussion of a conceptual integrated approach. Environ Res.
2016;144(Part A):19–31.

10. Sala S, Vasta A, Mancini L, Dewulf J, Rosenbaum E. Social life cycle
assessment - state of the art and challenges for supporting product policies.
In: JRC Technical Reports Ispra: JRC. 2015.

11. De Soete W, Jimenez-Gonzalez C, Dahlin P, Dewulf J. Challenges and
recommendations for environmental sustainability assessments of pharmaceutical
products in the healthcare sector. Green Chem. 2017;19(15):3493–509.

12. McGrath J, Saha S, Chant D, Welham J. Schizophrenia: a concise overview of
incidence, prevalence, and mortality. Epidemiol Rev. 2008;30(1):67–76.

13. Hoang U, Stewart R, Goldacre MJ. Mortality after hospital discharge for
people with schizophrenia or bipolar disorder: retrospective study of linked
English hospital episode statistics, 1999-2006. BMJ. 2011;343:1–13.

14. Ho B, Nopoulos P, Flaum M, Arndt S, Andreasen NC. Two-year outcome in
first-episode schizophrenia: predictive value of symptoms for quality of life.
Am J Psychiatry. 1998;155(9):1196–201.

15. NICE: psychosis and schizophrenia in adults: the NICE Guidline on treatment
and management (CG178). In.: National Institute for clinical excellence; 2014.

16. Gilmer TP, Dolder CR, Lacro JP, Folsom DP, Lindamer L, Garcia P, Jeste DV.
Adherence to treatment with antipsychotic medication and health care
costs among Medicaid beneficiaries with schizophrenia. Am J Psychiatry.
2004;161(4):692–9.

17. Olivares JM, Sermon J, Hemels M, Schreiner A: Definitions and drivers of
relapse in patients with schizophrenia: a systematic literature review. Ann
General Psychiatry 2013, 12:32–32.

18. Emsley R, Chiliza B, Asmal L, Harvey BH: The nature of relapse in
schizophrenia. BMC Psychiatry 2013, 13:50–50.

19. Moncrieff J. Does antipsychotic withdrawal provoke psychosis? Review of
the literature on rapid onset psychosis (supersensitivity psychosis) and
withdrawal-related relapse. Acta Psychiatr Scand. 2006;114(1):3–13.

20. Gilbert PL, Harris M, McAdams L, Jeste DV. Neuroleptic withdrawal in
schizophrenic patients: a review of the literature. Arch Gen Psychiat. 1995;
52(3):173–88.

21. Panish J, Karve S, Candrilli SD, Dirani R. Association between adherence to
and persistence with atypical antipsychotics and psychiatric relapse among
US Medicaid-enrolled patients with schizophrenia. J Pharm Health Serv Res.
2013;4(1):29–39.

22. Rauch A-S, Fleischhacker WW. Long-acting injectable formulations of new-
generation antipsychotics: a review from a clinical perspective. CNS Drugs.
2013;27(8):637–52.

23. Kaplan G, Casoy J, Zummo J. Impact of long-acting injectable antipsychotics
on medication adherence and clinical, functional, and economic outcomes
of schizophrenia. Patient Prefer Adherence. 2013;7:1171–80.

24. Merisko-Liversidge E, Liversidge GG. Nanosizing for oral and parenteral drug
delivery: a perspective on formulating poorly-water soluble compounds
using wet media milling technology. Adv Drug Deliv Rev. 2011;63(6):427–40.

25. Leng D, Chen H, Li G, Guo M, Zhu Z, Xu L, Wang Y. Development and
comparison of intramuscularly long-acting paliperidone palmitate
nanosuspensions with different particle size. Int J Pharm. 2014;472(1):380–5.

26. Ravenstijn P, Remmerie B, Savitz A, Samtani MN, Nuamah I, Chang C-T, De
Meulder M, Hough D, Gopal S. Pharmacokinetics, safety, and tolerability of
paliperidone palmitate 3-month formulation in patients with schizophrenia:
a phase-1, single-dose, randomized, open-label study. J Clin Pharmacol.
2016;56(3):330–9.

27. Serrano D, Gallagher K, Healy A. Emerging Nanonisation technologies:
tailoring crystalline versus amorphous Nanomaterials. Curr Top Med Chem.
2015;15(22):2327–40.

28. Daghistani N, Rey JA. Invega Trinza: the first four-times-a-year, long-acting
injectable antipsychotic agent. P&T. 2016;41(4):222–7.

29. Gold MR, Siegel JE, Russell LB, Weinstein MC. Cost-effectiveness in health
and medicine: Oxford University Press; 1996.

30. FDA: guidance for industry: patient-reported outcome measures: use in
medical product development to support labeling claims. In.: Food and
Drug Administration; 2009.

31. Gold MR, Stevenson D, Fryback DG. HALYS and QALYS and DALYS, oh my:
similarities and differences in summary measures of population health.
Annu Rev Public Health. 2002;23:115–34.

32. Murray CJ. Quantifying the burden of disease: the technical basis for
disability-adjusted life years. Bull World Health Organ. 1994;72(3):429–45.

33. WHO: WHO methods and data sources for global burden of disease
estimates 2000–2011. In.: World Health Organization; 2013.

34. Torrance GW, Thomas WH, Sackett DL. A utility maximization model for
evaluation of health care programs. Health Serv Res. 1972;7(2):118–33.

35. Weinstein MC, Stason WB. Foundations of cost-effectiveness analysis for
health and medical practices. N Engl J Med. 1977;296(13):716–21.

36. EMA: Summary of Product Characteristics: Xeplion prolonged release
suspension for injection. In.: European Medicines Agency; 2017.

37. EMA: Summary of Product Characteristics: Trevicta prolonged release
suspension for injection. In.: European Medicines Agency; 2017.

38. XEPLION suspensie voor injectie met verlengde afgifte [https://www.e-
compendium.be/nl/bijsluiters/patient/3230/2893].

39. Hough D, Gopal S, Vijapurkar U, Lim P, Morozova M, Eerdekens M.
Paliperidone palmitate maintenance treatment in delaying the time-to-
relapse in patients with schizophrenia: a randomized, double-blind,
placebo-controlled study. Schizophr Res. 2010;116(2–3):107–17.

40. Berwaerts J, Liu Y, Gopal S, et al. Efficacy and safety of the 3-month
formulation of paliperidone palmitate vs placebo for relapse prevention of
schizophrenia: a randomized clinical trial. JAMA Psychiatry. 2015;72(8):830–9.

41. Savitz AJ, Xu H, Gopal S, Nuamah I, Ravenstijn P, Janik A, Schotte A, Hough D,
Fleischhacker WW. Efficacy and safety of Paliperidone Palmitate 3-month
formulation for patients with schizophrenia: a randomized, multicenter, double-
blind, noninferiority study. Int J Neuropsychopharmacol. 2016;19(7):1–14.

42. De Hert M, Sermon J, Geerts P, Vansteelandt K, Peuskens J, Detraux J. The
use of continuous treatment versus placebo or intermittent treatment
strategies in stabilized patients with schizophrenia: a systematic review and
meta-analysis of randomized controlled trials with first- and second-
generation antipsychotics. CNS Drugs. 2015;29(8):637–58.

43. Gleeson JFM, Alvarez-Jimenez M, Cotton SM, Parker AG, Hetrick S. A
systematic review of relapse measurement in randomized controlled trials
of relapse prevention in first-episode psychosis. Schizophr Res. 2010;119(1–
3):79–88.

44. Csernansky JG, Mahmoud R, Brenner R. A comparison of Risperidone and
haloperidol for the prevention of relapse in patients with schizophrenia. N
Engl J Med. 2002;346(1):16–22.

45. Menzin J, Boulanger L, Friedman M, Mackell J, Lloyd JR. Treatment
adherence associated with conventional and atypical antipsychotics in a
large state Medicaid program. Psychiatr Serv. 2003;54(5):719–23.

46. Lorant V, Grard A, Van Audenhove C, Helmer E, Vanderhaegen J, Nicaise P.
Assessment of the priority target group of mental health service networks
within a nation-wide reform of adult psychiatry in Belgium. BMC Health
Serv Res. 2016;16:187.

47. Marcus SC, Zummo J, Pettit AR, Stoddard J, Doshi JA. Antipsychotic
adherence and Rehospitalization in schizophrenia patients receiving Oral
versus long-acting injectable antipsychotics following hospital discharge. J
Manag Care Spec Pharm. 2015;21(9):754–68.

48. Decuypere F, Sermon J, Geerts P, Denee TR, De Vos C, Malfait B, Lamotte M,
Mulder CL. Treatment continuation of four long-acting antipsychotic

Debaveye et al. BMC Health Services Research          (2019) 19:393 Page 15 of 16

https://www.e-compendium.be/nl/bijsluiters/patient/3230/2893
https://www.e-compendium.be/nl/bijsluiters/patient/3230/2893


medications in the Netherlands and Belgium: a retrospective database
study. PLoS One. 2017;12(6):e0179049.

49. Sterftetafels en levensverwachting [https://statbel.fgov.be/nl/themas/bevolking/
sterfte-en-levensverwachting/sterftetafels-en-levensverwachting#figures].

50. Saha S, Chant D, McGrath J. A systematic review of mortality in
schizophrenia: is the differential mortality gap worsening over time? Arch
Gen Psychiat. 2007;64(10):1123–31.

51. Salomon JA, Haagsma JA, Davis A, de Noordhout CM, Polinder S, Havelaar
AH, Cassini A, Devleesschauwer B, Kretzschmar M, Speybroeck N, et al.
Disability weights for the global burden of disease 2013 study. Lancet Glob
Health. 2015;3(11):e712–23.

52. Cleemput I, Neyt M, Van De Sande S, Thiry N. Belgian guidelines for
economic evaluations and budget impact analysis: second edition in.:
Belgian health care knowledge Centre (KCE); 2012.

53. Briggs A, Wild D, Lees M, Reaney M, Dursun S, Parry D, Mukherjee J. Impact
of schizophrenia and schizophrenia treatment-related adverse events on
quality of life: direct utility elicitation. Health Qual Life Outcomes. 2008;6:105.

54. Osborne RH, Dalton A, Hertel J, Schrover R, Smith DK. Health-related quality of
life advantage of long-acting injectable antipsychotic treatment for
schizophrenia: a time trade-off study. Health Qual Life Outcomes. 2012;10(1):1–9.

55. Drummond MF, Sculpher MJ, Torrance GW, O'Brien BJ, Stoddart GL.
Methods for the economic evaluation of health care Programmes: Oxford
University Press; 2005.

56. ISO: ISO 14040 - Environmental management - Life cycle assessment -
Principles and framework. In. Geneva, Switzerland; 2006a.

57. ISO: ISO 14044 - Environmental management - Life cycle assessment -
Requirements and guidelines. In. Geneva, Switzerland; 2006b.

58. ILCD: Framework and requirements for Life Cycle Impact Assessment
models and indicators. In.: JRC IES European Commission; 2010b.

59. ILCD: Recommendations for Life Cycle Impact Assessment in the European
context. In.: JRC IES European Commission; 2010c.

60. ILCD: Analysis of existing Environmental Impact Assessment methodologies
for use in Life Cycle Assessment. In.: JRC IES European Commission; 2010a.

61. Van der Vorst G, Dewulf J, Aelterman W, De Witte B, Van Langenhove H.
Assessment of the integral resource consumption of individual chemical
production processes in a multipurpose pharmaceutical production plant: a
complex task. Ind Eng Chem Res. 2009;48(11):5344–50.

62. Vergeynst L, Haeck A, De Wispelaere P, Van Langenhove H, Demeestere K.
Multi-residue analysis of pharmaceuticals in wastewater by liquid
chromatography–magnetic sector mass spectrometry: method quality
assessment and application in a Belgian case study. Chemosphere. 2015;
119, Supplement:S2–8.

63. Weidema BP, Bauer C, Hischier R, Mutel C, Nemecek T, Reinhard J, Vadenbo CO,
Wernet G: Overview and methodology - Data quality guideline for the ecoinvent
database version 3. In. St. Gallen: Swiss Centre for Life Cycle Inventories; 2013.

64. De Graeve D, Smet A, Mehnert A, Caleo S, Miadi-Fargier H, Mosqueda GJ,
Lecompte D, Peuskens J. Long-acting Risperidone compared with Oral
olanzapine and haloperidol depot in schizophrenia: a Belgian cost-
effectiveness analysis. Pharmacoeconomics. 2005;23:35–47.

65. De Schryver AM, Brakkee KW, Goedkoop MJ, Huijbregts MAJ.
Characterization factors for global warming in life cycle assessment based
on damages to humans and ecosystems. Environ Sci Technol. 2009;43(6):
1689–95.

66. van Zelm R, Huijbregts MAJ, den Hollander HA, van Jaarsveld HA, Sauter FJ,
Struijs J, van Wijnen HJ, van de Meent D. European characterization factors
for human health damage of PM10 and ozone in life cycle impact
assessment. Atmos Environ. 2008;42(3):441–53.

67. Frischknecht R, Braunschweig A, Hofstetter P, Suter P. Human health
damages due to ionising radiation in life cycle impact assessment. Environ
Impact Assess Rev. 2000;20:159–89.

68. Pope CA, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, Thurston GD. Lung
Cancer, cardiopulmonary mortality, and long-term exposure to fine
particulate air pollution. JAMA. 2002;287(9):1132–41.

69. Huijbregts MAJ, Rombouts LJA, Ragas AM, Van de Meent D. Human-
toxicological effect and damage factors of carcinogenic and
noncarcinogenic Chemicals for Life Cycle Impact Assessment. Integr Environ
Assess Manag. 2005;1(3):181–244.

70. Huijbregts MAJ, Steinmann ZJ, Elshout PMF, Stam G, Verones F, Vieira M,
van Zelm R: ReCiPe2015: a Life Cycle Impact Assessment Method at
Midpoint and Endpoint Level. Report I: Characterisation Factors. In.:
Department of Environmental Science, Radboud University Nijmegen; 2015.

71. Hauschild MZ, Goedkoop M, Guinée J, Heijungs R, Huijbregts MAJ, Jolliet O,
Margni M, De Schryver A, Humbert S, Laurent A, et al. Identifying best
existing practice for characterization modeling in life cycle impact
assessment. Int J Life Cycle Assess. 2013;18(3):683–97.

72. Rosenbaum RK, Bachmann TM, Gold LS, Huijbregts MAJ, Jolliet O, Juraske R,
Koehler A, Larsen HF, MacLeod M, Margni M, et al. USEtox—the UNEP-
SETAC toxicity model: recommended characterisation factors for human
toxicity and freshwater ecotoxicity in life cycle impact assessment. Int J Life
Cycle Assess. 2008;13(7):532–46.

73. De Schryver AM, van Zelm R, Humbert S, Pfister S, McKone TE, Huijbregts
MAJ. Value choices in life cycle impact assessment of stressors causing
human health damage. J Ind Ecol. 2011;15(5):796–815.

74. De Schryver AM, Humbert S, Huijbregts MAJ. The influence of value choices
in life cycle impact assessment of stressors causing human health damage.
Int J Life Cycle Assess. 2013;18(3):698–706.

75. Orias F, Perrodin Y. Characterisation of the ecotoxicity of hospital effluents: a
review. Sci Total Environ. 2013;454–455:250–76.

76. Kägi T, Dinkel F, Frischknecht R, Humbert S, Lindberg J, De Meester S,
Ponsioen T, Sala S, Schenker UW. Session “midpoint, endpoint or single
score for decision-making?”—SETAC Europe 25th annual meeting, may 5th,
2015. Int J Life Cycle Assess. 2016;21(1):129–32.

77. Finnveden G, Hauschild MZ, Ekvall T, Guinee J, Heijungs R, Hellweg S,
Koehler A, Pennington D, Suh S. Recent developments in life cycle
assessment. J Environ Manag. 2009;91(1):1–21.

78. Marsh K, Ganz M, Nørtoft E, Lund N, Graff-Zivin J. Incorporating
environmental outcomes into a health economic model. Int J Technol
Assess Health Care. 2016;32(6):400–6.

79. SDU: Carbon upate for the health and care sector in England 2015. In.
Cambridge: NHS Sustainable Development Unit; 2016.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Debaveye et al. BMC Health Services Research          (2019) 19:393 Page 16 of 16

https://statbel.fgov.be/nl/themas/bevolking/sterfte-en-levensverwachting/sterftetafels-en-levensverwachting#figures
https://statbel.fgov.be/nl/themas/bevolking/sterfte-en-levensverwachting/sterftetafels-en-levensverwachting#figures

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Overall framework
	Part I: human health benefit
	Model structure and design
	Transition probabilities
	Disability sources and calculations
	Years of life lost (YLL)
	Utility sources and calculations

	Part II: human health burden
	Goal and scope
	Methodology
	Life cycle inventory
	Life cycle impact assessment
	Value choices

	Towards a net health effect
	Sensitivity analysis

	Results
	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Author contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

