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Abstract

Objective:

This pilot study aims to assess the environmental impact of Positron Emission Tomography/Computed
Tomography (PET/CT) imaging, in the context of efforts to mitigate climate change. This is studied by
investigating the energy usage, waste generation, and the radiopharmaceutical production.

Methods:

Power measurements of the PET/CT scanner were conducted over four weeks and during different
power settings (system on, computers off, software shutdown and energy saving mode) with a power
analyzer. Various outcome measures, such as energy and cost savings per hour, energy consumption
per PET/CT radiopharmaceutical procedure, and total annual energy consumption in two distinct sce-
narios, were calculated. Additional power measurements of reporting stations and desktop computers
were performed in off-mode, sleeping mode and active mode. The data for waste disposal was col-
lected by counting and weighing consumables used for a Fluorine-18 Fluorodeoxyglucose (['*F]FDG)
procedure. Waste streams were identified and the data categorized per waste stream. The workflow for
producing the ['®F]FDG radiopharmaceutical was mapped out and data on the energy consumption
of the cyclotron and cleanrooms and waste generation was collected. All data was finally expressed in
CO,-equivalents (CO,-eq) by using emission factors.

Results:

Of the four different PET/CT power settings, the energy saving mode showed the most significant en-
ergy reduction compared to system on, resulting in ~30% energy savings and a 0.94 kg CO,-eq emission
reduction per hour. Furthermore, the energy consumption of various radiopharmaceutical procedures
showed results ranging from 3.03 (2.90-3.09) to 5.15 (5.00-5.41) kWh/procedure (1.90 to 1.12 kg CO,-
eq). The reporting stations and desktop computers showed both a ~71% energy reduction in shut-
down mode compared to system on. Correct waste separation of plastics and paper showed a ~64%
CO,-eq reduction per procedure. For radiopharmaceutical production, the impact of the cyclotron’s
energy consumption was found the largest (0.44 kg CO,-eq/procedure) compared to HVAC energy
consumption (0.13 kg CO,-eq/procedure) and waste disposal (0.003 kg CO,-eq/procedure).The total
environmental impact of ['®F]FDG PET/CT imaging was measured at 2.01 kg CO,-eq per procedure,
with PET/CT scanner energy consumption (62%) and cyclotron energy consumption (22%) being the
primary contributors.

Conclusion:

This study showed that the environmental impact of PET/CT imaging is substantial and that it can be
reduced by implementing energy saving strategies during non-operational hours, improving waste seg-
regation for recycling and optimizing the energy efficiency of cyclotrons and cleanrooms. Furthermore,
hospitals and manufacturers can even reduce the impact further by addressing opportunities such as
using eco-friendly or recycled materials and incorporating green energy sources for power supply. Fu-
ture research should focus on increasing energy-efficiency of scanners, cyclotron and HVAC systems,
reducing the scan length and reducing low-value scanning to further decrease the environmental im-
pact of PET/CT imaging while maintaining high diagnostic standards.
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General background

1.1. Rationale

Positron Emission Tomography/Computed Tomography (PET/CT) imaging is an important medical
diagnostic tool for various conditions, including cancer, myocardial perfusion abnormalities and neu-
rological abnormalities. The use of PET/CT has grown exponentially over the years. The success of
PET/CT is due to its ability to image certain metabolic processes within organs and tissue cells by
detecting the radioactive decay of administered radiopharmaceuticals. Furthermore, integration with
CT enables precise localization with an anatomic reference and allows correction for attenuation [1].
Nonetheless, the widespread use of PET/CT imaging has raised concerns about its environmental im-
pact [2]. Research conducted on other similar imaging techniques have already shown that diagnostic
imaging services are key contributors to the carbon footprint of hospitals due to the high-tech and
energy-intensive equipment [3, 4]. However, this issue remains unexplored for PET/CT in the cur-
rent literature. The exploration of this topic will enhance the environmental awareness of healthcare
professionals and patients and facilitate the adoption of carbon-neutral choices for PET/CT imaging.

1.2. Positron Emission Tomography

Positron Emission Tomography (PET) imaging is a functional imaging technique that can detect ra-
diopharmaceuticals in the human body that emit positron radiation (f+ radiation). Radiopharmaceu-
ticals are administered intravenously into the bloodstream of the human body. The composition of
radiopharmaceuticals is presented in Figure 1.1. The pharmaceutical travels through the body via the
bloodstream until the targeting molecule finds a target receptor to which it can connect. The radioac-
tive isotope connected to the linking body decays over time. This is a proton-rich, unstable isotope
that decays into a stable isotope by emitting a positron. A positron is the antiparticle of an electron,
hence it has a positive electric charge and the same mass as that of an electron. A proton of the isotope
transforms into a neutron by emitting a positron, therefore the composition of the nucleus changes to a
stable state [5, 6]. After positron emission, the positron travels a short distance through human tissue
until it collides with an electron, referred to as an annihilation. Subsequently, two annihilation photons
with a photon energy of 511 keV are yielded in opposite directions [5]. A visual representation of this
is shown in Figure 1.2.

The PET scanner comprises multiple rings of gamma detectors encircling the patient’s body. These de-
tectors detect the high-energy annihilation photons, enabling the localization of the annihilation event
along the line of response (LOR) between the two detection points. The time resolution (time-of-flight)
of the detectors is sufficiently high to discern the small time difference in detection of the two oppos-
ing annihilation photons. This time window can be used to compute the distance from the detector
elements to the annihilation event on the LOR [6, 8]. The PET-detectors of the GE discovery MI 5-
ring PET/CT scanner are lutetium-based scintillator crystal arrays and photomultiplier tubes (PMTs)
grouped in a block per detector [9]. When the annihilation photon hits the scintillator crystal, it is
converted into secondary light-photons (E ~1 eV). The secondary photons are subsequently detected
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Figure 1.1: The composition of a radiopharmaceutical. Source: National cancer institute. Radiopharmaceuticals: Radiation Therapy
Enters the Molecular Age. [7].

by the PMTs and processed by electronics. All the detection signals are digitized and the computer
combines all the PET detection information to reconstruct a PET-image. Different mathematical algo-
rithms can be employed for reconstruction, with the option to apply noise post-processing through
different filters (e.g. Gaussian). Finally, the PET-image is displayed on the computer screen via the
corresponding software.

../ /./> —.I:c)sitron
X

Proton-rich
radionuclide

Annihilation

Photon

Figure 1.2: General principle of an annihilation.

1.3. Computed Tomography

In contrast to PET imaging, CT imaging primarily serves as an anatomical imaging technique. The
ring-shaped CT scanner consists of an X-ray tube on one side and an array of detectors on the opposite
side. The X-ray tube contains a negatively charged tungsten cathode that operates as an electron source.
A positive voltage is applied to the metal target, acting as an anode, creating an accelerating voltage
(kVp) between 25 and 140 kV. This attracts electrons from the cathode to the anode, and X-rays are
generated after collision of the electrons with the metal target. Collimators, which are lead baffles,
can be used to narrow the x-ray beam to the required spot size. The CT system rotates around the
patient during the CT-scan. During this rotation, multiple projections are generated from the region
of interest from different angles. The x-rays, which are gamma photons, travel through the patient’s
body. Depending on the density of the tissue, a certain proportion of photons are stopped inside the
body and another part of the photons are scattered. The higher the tissue density, the lower the number
of photons detected by the gamma detectors. The CT attenuation value, denoted in Hounsfield Units
(HUs), characterizes the radiodensity of the tissue and is calibrated using water density as the reference
point, which is assigned a value of 0 HUs. There are two types of CT-scans: single-axial and helical.
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Generally, a single axial CT-scan (scoutscan) is first performed to determine the scan area and manually
set the scan range for the subsequent helical CT-scan. During a helical CT-scan, the patient table moves
through the CT-scanner at a certain speed that can be manually adjusted. The detectors of CT are digital
detectors that directly transfer the signals to the computer. These signals are subsequently employed to
reconstruct one or multiple cross sections of the body. Reconstruction is performed by integrating all
projections made at different angles, also called backprojections, into a combined reconstruction image
of that plane. Finally, filters can be used afterwards to remove noise and increase the resolution [10,
11].

1.4. PET/CT imaging

For PET/CT imaging, PET- and CT-systems are implemented in the same gantry, as illustrated in Fig-
ure 1.3. The purpose of integrating the systems is to precisely localize regions with radiotracer uptake
detected by PET-imaging. The standard PET/CT procedure commences with a CT scout scan, followed
by a helical CT-scan and lastly the PET-scan is conducted. Although CT and PET scans are conducted
independently, their data can be superimposed, allowing for fusion of information and precise local-
ization of hotspots in radiotracer uptake [6].

co-scan length

Helical Stationary
CT PET Detectors,

patient bed

()
>
axial separation

Figure 1.3: Illustration of the configuration of a PET/CT scanner. Source: Schmitz et al. The Physics of PET/CT scanners [6].

1.5. Life-cycle assessment

A life-cycle assessment (LCA) is an internationally established method to quantify the environmental
impact of a device, system, or procedure throughout its life cycle. Included in the assessment are the
extraction of raw materials, manufacturing, use, waste disposal and transportation [12]. The order
of the phases and the inputs and outputs are represented in Figure 1.4. Guidelines for performing
a LCA have been established by the International Organization for Standardization (ISO 14040 and
14044) [13]. LCA research consists of three phases: goal and scope definition, Life-Cycle Inventory
(LCI) and the impact assessment phase. In the first phase, the goal of the research is defined, it is
determined what LCA stages are included in the research, and the functional unit is defined. A LCl is
then performed to gather data about the sources of emissions per step in the life-cycle of the product.
This entails the use of databases that contain specific information about the emissions of all types of
materials, procedures and systems, e.g. the Ecoinvent database. The impact assessment is conducted
to assess the environmental impact in the functional unit defined in the first phase. Most studies take
CO,-equivalents, abbreviated as CO,-eq, as the functional unit [ 14]. CO, is fundamental as greenhouse
gas (GHG) in the context of global warming. An estimation by the Environmental Protection Agency
suggests that CO, accounts for approximately 80% of all GHG emissions [15]. The individual global
warming potential of all other GHGs are converted into that of CO,, based on the same mass. The
summation of all the global warming potentials of all GHGs is referred to as CO,-eq [14].

There is no standardized method for the execution of a LCA for medical imaging modalities, procedures
or systems [14]. LCA frameworks can differ in the chosen functional unit, number of included LCA
stages, and in their approach of gathering data. First, there is a top-down LCA approach, the input-
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output LCA, which bases its data on the expenditures of the companies or organizations involved. In
such an approach, an overview at a macro level is created and certain environmental burdens of macro
systems can be allocated correctly. On the other hand, there is a process-based LCA framework in
which data is gathered through real measurements of the steps in the life-cycle of a specific product or
event. This bottom-up approach provides a more accurate representation of the environmental impact.
Hence, this approach was deemed preferable in the current study [16].

Distribution

Processing &

: Usage
Manufacturing
Material Waste
sourcing treatment
Inputs Outputs

(woste and
emissions to air,
water and land)

(raw materials and
resources, energy, water
and transportation)

Figure 1.4: LCA phases and the inputs and outputs.

1.5.1. GHG emission scope inventory

Three distinct scopes have been delineated for quantifying the greenhouse gas (GHG) emissions of
organizations [17]. In the context of a LCA, it is important to specify which scopes are encompassed
within the analysis. The three different scopes are listed below and an overview of examples is given
in Figure 1.5. Generally, scope 1 and 2 emissions are considered in LCA research.

1. Scope 1: Direct CO2 emissions resulting from the organization’s own sources. This includes emis-
sions from the organization’s own buildings, transportation, and production-related activities.

2. Scope 2: Indirect CO2 emissions from the generation of purchased and consumed electricity or
heat.

3. Scope 3: Indirect CO2 emissions resulting from the business activities of another organization.
This includes emissions from sources not owned by the organization itself, over which it has no
direct control.

1.6. Power supply of the PET/CT scanner

1.6.1. Electrical circuits

The electrical grid supplies electricity with an alternating current (AC) which is a periodic electrical
voltage that alternates between positive and negative values at a certain frequency. The AC electricity
is a sinusoidal wavefront and has a fundamental frequency of 50 Hz for the European electrical grid.

In an electrical circuit, electricity is converted into another form of energy, for example heat, light or
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Figure 1.5: Direct and indirect emissions divided in three scopes. Source: Greenhouse Gas Protocol. Corporate Value Chain (Scope
3). [17]

kinetic energy. At the source of the electrical circuit, which is in this case the electrical grid, the pres-
sure of the applied voltage (V) creates a current of electrons that starts to flow through the electrical
circuit. This current can be measured in Amperes (A). The conversion to other forms of energy occur
in connected resistors, inductors or capacitors. Resistors resist the flow of an electric current. Secondly,
inductors consist of a coil that creates a magnetic field and lastly the capacitors store the electric current
[18].

1.6.2. Three phase power supply

A three phase power supply consists of three independent voltage wires supplying each 230 V to handle
the large loads of the scanner [19, 20]. The three voltage sources provide their voltage in three alter-
nating phases with a phase difference of 120 degrees. In addition, such a system allows to increase the
applied voltage easily with transformers [21]. The electrical system and the corresponding waveforms
are presented in Figure 1.6.

The current applied per phase can be measured using a 3-phase power analyzer that has three wires
connected to the three phases and one extra wire connected to the neutral conductor, which is the vec-
tor sum of three phases. Ideally, the current and voltage of the neutral conductor must be equal to zero.
However, in most three phase power systems, some small phase current imbalances exist, leading to
the presence of a neutral current. This slight neutral current typically does not pose problems in the
distribution system. A neutral current of between 0.5-3 V is therefore accepted. In contrast, high neutral
currents generally result in significant power losses, which manifest as heat dissipation. Furthermore,
the neutral conductor plays a crucial role in electrical distribution and works as a safety check. It helps
to maintain the voltages at a relatively stable level by detecting the different in voltage and current be-
tween the electrical system and earth (always zero). This prevents the occurrence of dangerously high
voltages that could pose a risk to the equipment and the environment [22, 23].

1.6.3. Phase difference voltage and current

In general, the voltage and current of the system power supply are in phase. However, due to the
presence of coils in the system, a phase difference can occur between voltage and current. In system
power calculations, this is expressed by the cos(¢)-factor, where ¢ is the phase difference in measured
in degrees [21]. There is a discrepancy between the inductance and capacitance coils in whether the
current is lagging or leading compared to the voltage. In inductive coils, the voltage causes an elec-
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Figure 1.6: The three-phase electrical system and waveforms.

tromotive force that allows the current to flow through the coil and therefore the current is lagging
behind (see Figure 1.7). On the contrary, capacitance coils firstly create a flow of currents between
the two plates after which a voltage difference can be detected between the plates. These phenomena
lead to power inefficiencies. Power is computed by the multiplication of current and voltage. During
periods of phase misalignment between the current and voltage, the peaks of both alternating signals
are no longer aligned, leading to a reduction in net power, as shown in Figure 1.7. This power loss is
taken into account by incorporating the cos(¢)-factor into the power calculation. The cos(¢)-factor can
be ascertained by simultaneously measuring the current and voltage using a power analyzer [19, 24].

N\ i
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Figure 1.7: Power reduction caused by a phase difference. Source: Yokogawa. Fundamentals of electric power measurements [24].
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1.6.4. Harmonic distortion

Harmonic frequencies (HF) are currents that operate at a higher frequency, which is a multiple of
the fundamental frequency of the waveform (Dutch electricity fundamental frequency: 50 Hz). The
HFs distort the pure sine wave of the fundamental frequency, as shown in Figure 1.8. According to
Maxwell’s theorem, the most contributing HFs are the 3th (150 Hz), the 5th (250 Hz) and 7th (250 Hz)
HFs [19]. The HFs in the current supply are caused by non-linear loads (e.g. transformators, transi-
tioners and inductors) on the electrical grid, creating a complex wavefront of different frequencies. The
HFs do not contribute to the electricity supply, but only result in power loss that is manifested as heat
extraction [21]. This extra energy consumption is often overlooked, and therefore it is also called blind
power [19]. The total harmonic distortion (THD) expresses the ratio of the sum of the power of all
HFs to the power of the fundamental frequency as a percentage. The HF energy consumption is called
blind energy consumption, and can be calculated by taking the THD ratio of the energy consumption
of the fundamental frequency that is actively used (active energy consumption). The apparent energy
consumption can then be calculated according to Formula 1.1.

E(apparent) = E(active) + E(blind) (1.1)

Parameters: E(apparent) = Energy consumption (kWh); E(active) = Active energy consumption measured with
power analyzer (kWh); E(blind) = Blind energy consumption of the harmonics (kWh).

Measurements of the energy consumption using a power analyzer are performed in the time domain.
Analyses to determine the magnitude and order of HFs need to be performed in the frequency domain
and are therefore calculated by taking Fourier’s transformations of the complex wavefront. HFs must be
minimized as much as possible because they cause malfunctioning of electrical parts and overheating
of the wires. Additionally, they cause increased energy expenses and reduce the operational longevity
of electronic hardware systems [21].

.| _|
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Figure 1.8: Harmonic distortion. Source: Yokogawa. Fundamentals of electric power measurements [24].

1.7. Production of radiopharmaceuticals

The radioactive isotopes used in radiopharmaceuticals are typically produced in cyclotrons or in nu-
clear reactors. Cyclotrons are specifically employed for the production of short-lived radionuclides
such as Fluorine-18 Fluorodeoxyglucose (['®F]FDG). ['®8F]FDG is the most commonly used radiophar-
maceutical within PET/CT imaging and has a half-life (t12) of 109.72 minutes [25]. Inside the cyclotron,
protons are accelerated to nearly the speed of light, driven by an electromagnetic field. These protons
trace an increasingly larger circular path until their velocity becomes too great, causing them to deviate
from their circular trajectory. In the case of ['®F]FDG, the protons are directed to a target containing
enriched water (98% '80) to produce F. The next step is the radiolabelling with FDG, also called syn-
thesis, in a shielded hot cell lab that is classified according to the Good Manufacturing Practice (GMP).
The synthesis takes place in a cassette with reagents and is an automated process due to high radioac-
tivity. Following synthesis, the resultant bulk [®F]FDG is purified and dispensed into individual vials
per hospital. This process also occurs in a shielded hot cell lab inside a cleanroom. These vials are sub-
sequently packed in lead shielding and prepared for transport to the hospitals. A visual representation
of the production process is shown in Figure 1.9.
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Figure 1.9: The workflow of radiopharmaceutical production.



Introduction

Global warming has been shown to affect human health. In the absence of resilient countermeasures,
this impact is anticipated to become increasingly noticeable [26]. Conversely, human activities have
greatly contributed to global warming and have precipitated a ~7.5% increase in atmospheric carbon
dioxide (CO,) concentration over the last 15 years, exacerbating the adverse health effects of air pol-
lution and rising temperatures [27, 28]. In addition to CO,, the emissions of other greenhouse gasses
(GHG), particularly methane, nitrous oxide and halogenated compounds, are important causal factors
for global warming [27].

Healthcare-related emissions were found to be a significant contributor to Dutch national GHG emis-
sions, namely 7% [29, 30]. Hence, the Dutch government initiated the Green deal 3.0 ‘Sustainable
healthcare for a healthy future’, which advocates for a 55%reduction in direct CO,-emission in 2030
and a climate-neutral healthcare system in 2050 [29]. Addressing the environmental hotspots within
the healthcare sector can have a significant impact on climate change mitigation efforts. Furthermore,
lowering GHG emissions frequently translates into significant cost savings [28]. Globally, research
on environmental footprints and hotspots within various medical fields has grown tremendously [31,
32,33, 34]. Using life-cycle analyses (LCA), as elaborated in Section 1.5, the environmental impact of a
medical device or procedure can be quantified and hotspots can be identified [ 14 ]. Research has shown
that diagnostic imaging services are key contributors to the GHG emissions of hospitals, as they are
performed with high-tech and energy-intensive medical equipment [3, 4]. A previous study predicted
with a mathematical model and statistical data of 120 countries that the CO, emission of Computed
Tomography (CT) and Magnetic Resonance Imaging (MRI) scanners correspond to 0.77% of global
CO, emissions [35].

Awareness of the energy utilization of medical devices has increased over the last decade and research
to quantify the energy consumption has been performed for several imaging techniques. In several
studies, the energy consumption of CT, MRI, Ultrasound (US) and X-ray were analyzed. Overall, MRI
showed the highest energy usage after which CT imaging followed [36, 37, 38, 39, 40, 41]. US and X-ray
were less extensively researched, but some initial studies showed significantly lower values for both
compared to MRI and CT [42, 38, 41]. In 2012, the COCIR initiative was raised and their research on X-
ray, CT and MRI imaging showed several possible improvements, which were activating lower-power
modes during off-hours and regulating the air-conditioning of the imaging rooms [43, 44, 45]. This is in
accordance with research of the National Renewable Energy Laboratory (NREL). The implementation
of real-time power measurements can help to quantify specific energy inefficiencies and troubleshoot
them [46]. Recent research demonstrated that enabling the system shutdown mode for a CT scanner
during non-operational hours saved approximately 14 000 kWh over the course of a year compared with
leaving the system on [47]. This is comparable to the annual energy usage of 5.3 2-person households
[48]. Unfortunately, the energy consumption has not yet been quantitatively assessed for functional
imaging techniques.

Another pivotal environmental factor is the waste generation for imaging procedures and the corre-
sponding end-of-life treatments. Examples of end-of-life treatment include incineration, recycling,
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sterilization and landfilling. Waste management uses natural resources and in the case of incinera-
tion, there are direct GHG emissions [28]. This LCA phase has already been studied for some imaging
procedures [39, 49]. A previous study established that both the quantity of consumables and the type
of end-of-life treatment show substantial changes in total GHG emissions of prostate MRI procedures
[39]. Within nuclear medicine, this LCA stage has not yet been investigated.

The environmental impact of Positron Emission Tomography (PET)-CT imaging remains unexplored.
However, PET/CT has become an important imaging technique and its global usage is growing ex-
tensively. Therefore, the environmental impact of PET/CT imaging needs to be investigated. The ob-
jective of this pilot study was to evaluate the environmental impact of PET/CT imaging with various
radiopharmaceuticals, focusing on energy consumption, waste generation and radiopharmaceutical
production.



Methods

3.1. Study design

The design of this pilot study encompasses three sections: the energy consumption, the waste gen-
eration and the production of radiopharmaceutical. These three sections were based on the LCA, a
formalized methodology for assessing environmental impacts in medical practice [14]. Different data
collection methods and analyses were employed for every section. To ultimately assess the environ-
mental impact of PET/CT imaging, the results were converted into CO,-equivalent (CO,-eq) using
emission factors.

3.2. Energy consumption

3.2.1. Data acquisition and pre-processing

Power measurements of the PET/CT Discovery MI 5-ring scanner, manufactured by GE Healthcare
(Chicago, Illinous, USA), were conducted from June 19th 2023 until August 16th 2023. The Fluke 435-11
power quality and energy analyzer (Fluke Corp, Everett, WA, USA) was attached to the power supply of
the scanner. The power analyzer measured the current supply in Ampére (A) over time with a sample
frequency of 1x per 250 ms [50]. A three phase power measurement was executed, as elaborated in
Section 1.6.2. Each phase experienced a different power load because different hardware and software
were connected to each phase. Additionally, the power of the neutral conductor was checked and a
current close to zero was found to be acceptable in consultation with an electrical engineer [19].

Every week a different power mode of the PET/CT scanner was tested during non-operational hours.
During operating hours of the scanner, the device settings and the workflow of the medical imaging
and radiation technicians remained entirely unaltered. The four tested power modes are listed in Table
3.1.

The standard practice for technicians is to turn off the computer screens and leave the PET/CT in

Table 3.1: Power modes of the PET/CT Discovery MI 5-ring scanner (GE Healthcare).

Week no. Power mode

Week 1 Computer screens and PET/CT system in an active state

Week 2 Turning off the computer screens and leaving the PET/CT in active state

Week 3 Turning off the computer screens and putting the PET/CT software in shutdown mode
Week 4 Turning off the computer screens and putting the PET/CT in energy saving mode

active state at the end of their shift. In the first week, the monitor screens were left on in order to
analyze the impact of the screens on the energy consumption. In week 3, the screens were powered off
and the PET/CT software was put in shutdown mode while the PET/CT hardware retained in active
state. In the last week, the energy saving mode was implemented during non-operational hours. The

11
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energy saving mode entailed that next to software shutdown, the cooling of the anode of the X-ray tube
of the CT and the cooling of the CT detector rings were put to a lower temperature [51]. In weeks 3
and 4, certain steps had to be followed by the technicians at the beginning and end of the shift. For
this, a protocol (see Appendix A) was created in cooperation with GE Healthcare [52, 53]. Besides, a
checklist was provided to verify whether the protocol was followed and the technicians could add daily
remarks to keep track of any noteworthy events (see Appendix A). Furthermore, patient programs and
operating hours were compared between the four weeks and the results are shown in Appendix B.

The weekly data retrieval of the power analyzer was conducted every Friday morning. The starting
time of the data retrieval alternated and the process extended over several hours, resulting in data gaps
at various time intervals. Therefore, it was chosen to eliminate the data collected on Fridays for further
analysis. The remaining data was read out in the Fluke Power Log 430-II software (V4.6, Fluke Corp.,
Everett, USA) and the Microsoft Excel software (V2307, Microsoft Corp., Redmond, USA) was used
for correctly formatting the data. The dataset encompassed fields such as the date (dd/mm/yy), time
(hh:mm:ss.ms), and the corresponding measured currents (A).

3.2.2. Energy analysis

For the data analysis, a Python script (V3.11.3, Python software Found., Wilmington, USA) was cre-
ated using the Visual Studio Code Software (V1.80, Microsoft Corp., Redmond, USA) as interpreter
and is represented in Appendix E.1. The structure of the Python script is pictured in a code flowchart
in Appendix E.5. Power values were calculated in units of kiloWatts (kW) per phase and per time point,
according to Formula 3.1 [21]. Power data was subsequently plotted against time per phase and per
day. The fundamentals of electrical power analyses are further elaborated in Section 1.6.

P = U =1+ cos(¢p) *0.001 (3.1)

P(tot) = P(1) + P(2) + P(3) (3.2)

Parameters: P = Individual phase power (kW); P(tot) = total power three-phase supply (kW); U = Voltage (W);
I = Current (A); ¢ = Phase difference between U and I (°) [21]

The conversion from power to energy consumption can be performed by taking the integral of power
over time. This corresponds to the area under the curve (AUC) with power, calculated in kilo-Watt
hours (kWh), on the y-axis and time in hours on the x-axis. To calculate the AUC for sampled data,
the trapezoidal rule was used [54]. In between two sampled time points, a trapezoid was created, as
shown in Figure 3.1, and the energy consumption was calculated according to Formula 3.3.

_ P(B) - P(A)
==

Parameters: E = Energy consumption (kWh); P(A) = Power at time point 1 (kW); P(B) = Power at time point
2 (kW); At = Time interval (h) [54]

E £ (At) (3.3)

3.2.3. Outcomes measures

Various outcome measures of interest were selected based on literature (see Appendix K). As data for
Fridays was absent, the outcome measures were calculated with the data from Monday-Thursday, Sat-
urday and Sunday. The following outcome measures were taken for the analysis:

1. Energy and cost-savings per hour between different power modes during non-operational hours
[47,37];

2. Energy consumption per PET/CT procedure and per hour for various radiopharmaceuticals: ['8F]FDG,
Rubidium-82 Chloride [#2Rb]Cl, ['8F]-Sodium-fluoride ['F]NaF and ['8F]-prostate-specific mem-
brane antigen [8F]PSMA-1007 [42, 37, 36, 39, 41, 40];

3. Total annual energy consumption of the PET/CT scanner in different types of hospitals with var-
ious patient programs [38].
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Figure 3.1: Area under the curve calculation with the Trapezoidal rule

The initial outcome measure necessitated determination of the daily operating hours of the PET/CT
scanner. Subsequently, the energy analysis for this time window was performed as described in Table
3.2.2 and then calculated per hour. The potential energy savings per hour were thereafter calculated
relative to system on. Furthermore, the costs per kWh of energy consumption were obtained from a
confidential document of the energy provider of the Alrijne Hospital. The cost savings were computed
by multiplying the energy savings in kWh by the respective costs per kWh.

Secondly, the energy consumption per PET/CT radiopharmaceutical procedure was determined. The
time window of a PET/CT procedure was further defined as the entry of the patient in the PET/CT
room until patient exit [37, 36]. The time windows per radiopharmaceutical procedure were assessed
based on the patient program and manually inserted into the Python script to calculate the energy con-
sumption per procedure. Per radiopharmaceutical PET/CT procedure, the ratio of the CT peak energy
consumption and PET energy consumption was determined. A threshold of 4.2 kW was found to dis-
tinguish CT peaks from the PET-scan energy consumption.

Lastly, the total annual energy consumption of the PET/CT scanner was estimated for two different
scenarios, according to the data gathered of the power modes (during off-hours) and the radiophar-
maceuticals (active scanning). Next to the off-hours and active scanning, there was also an idle state
of the scanner of which the energy consumption was retrieved. This was the time interval in between
patients during operational hours. The first PET/CT scanner scenario was based on the following as-
sumptions: a high utilization ratio, evening shifts and the usage of multiple radiopharmaceuticals, no-
tably ['8F]FDG, [¥2Rb]Cl, ["®F]PSMA-1007, and ['®F]NaF. The second scenario incorporated a lower
scanner utilization rate, absence of evening shifts and exclusively ®F]JFDG PET/CT imaging [36, 37].
The utilization rate was the ratio of active scanning relative to the total available time for PET/CT ap-
pointments. For both scenarios, the energy consumption in active state, idle state and non-operational
state was also assessed.

The following PET/CT settings were outlined for the two different scenarios:

e PET/CT imaging with high scanning rates of various radiopharmaceuticals:

- Radiopharmaceutical scanning: 40% [F]FDG, 30% [%2Rb]Cl, 15% ['®F]PSMA-1007 and
15% [18F]NaF.

— Operational hours: 2 days from 07:00AM-17:00PM and 3 days from 07:00AM-20:00PM

— Utilization rate: 72.5%
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e PET/CT imaging with exclusively ['®F]FDG scanning:

— Radiopharmaceutical scanning: 100% [*F]FDG
- Operational hours: 5 days from 07:00AM-17:00PM
- Utilization rate: 50% [36, 37]

3.2.4. Harmonic distortion PET/CT

The harmonic distortion of the PET/CT scanner was also measured with the Fluke 435-II power quality
and energy analyzer. As elucidated in Section 1.6.4, the harmonic distortion of the electrical grid is
measurable in the frequency domain by applying the Fourier Transform of the voltage wavefront. The
harmonic distortion was measured per week. The data consisted of the maximum, average and mini-
mum percentage of the total harmonic distortion (THD), relative to the fundamental frequency of the
power supply [21]. The THD was used to calculate the apparent energy consumption, as elaborated in
Section 1.6.4.

3.2.5. Reporting stations & desktop computers

The active energy consumption of the reporting stations and desktop computers were analyzed in vari-
ous power modes. Both type of devices were measured in active mode, stand-by mode and in complete
shutdown. Monitor screens were evaluated separately from the computer units due to their distinct
power supply sources. A real-time plug-in power analyzer of Unica Voltcraft (V4NS, Amsterdam, NL)
was used and showed the power consumption quantified in Watts (W). Reporting stations with moni-
tors of EIZO (monitor 1: EIZO RX660, monitor 2:EIZO EV3237, Hakusan, Japan) and computers of HP
(Hewlett-Packard Z4 Q4, Palo Alto, USA) were measured. The desktop computer monitors from HP
(EliteDisplay E24li, Palo Alto, USA) and the computers from HP (t520 Flexibel Thin Client, Palo Alto,
USA) were also measured in all three power modes. Each measurement was conducted three times at
randomized intervals. It is noteworthy that the energy consumption of computers varies significantly
in the active mode, thus the active mode measurement was conducted while leaving the computer on
the home page.

The calculation of the energy consumption was performed according to Formula 3.4. The utilization
duration (t) of both devices was estimated based on the standard working hours at the department.
These standard working hours comprised 8 hours of active use and 1 hour of standby use during the
lunch break. The three aforementioned power modes were tested for the remaining non-operational
hours and energy savings were calculated.

E=DPxt (3.4)

Parameters: E = Energy consumption (kWh); P = Power consumption (kW); t = Time interval of usage (h)

3.2.6. Statistics

Data of the first two study outcomes (power modes & radiopharmaceuticals) was analyzed on normal-
ity according to the Kolmogorov-Smirnov test. This test is used for datasets with a sample size of >50
samples [55]. For the different power modes, data was found to be non-normally distributed. There-
fore, median values and first (Q1) and third quartiles (Q3) were calculated per day. Furthermore, it
was checked whether there was day-to-day variation in the data which would imply that data had to be
analyzed per type of day. The power settings of week 2, 3 and 4 were statistically compared to system
on (week 1). As statistical testing method, the Mann-Whitney-U test was performed with a p-value of
0.05, as data appeared to be numeric, unpaired and there was no normal distribution. The null hypoth-
esis was defined as that there is no difference between the two groups. The alternative hypothesis was
defined as the system on power mode being stochastically greater than the other three power modes.

Similarly, the data of the radiopharmaceutical energy measurements was non-normally distributed and
therefore the median and quartile values were calculated. In the context of energy measurements con-
ducted at the reporting stations and desktop computers, solely the standard error was defined because
of the limited amount of measurements. The measured standard error was specified by the manufac-
turer as 1% =1W [56].
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3.2.7. Environmental impact assessment

The environmental impact of the different power modes of the PET/CT scanner and the reporting sta-
tions and desktop computers were calculated in CO,-equivalent (CO,-eq). The Dutch CO,-eq conver-
sion factors were used and are shown in Table 3.2 [57]. The scope of the conversion factors is elaborated
in Appendix C. A distinction was made between so-called grey energy, such as coal, gas, oil, and green
energy such as wind energy or solar energy [58]. The Alrijne Hospital procured 20% of the total energy
consumption as wind energy and the residual quantity was grey energy [59].

Table 3.2: CO,-eq conversion factors for energy consumption [57]

Energy category Emission factor (kg CO,-eq/kWh)

Grey energy 0.457
Wind energy 0.014

3.3. Waste disposal

3.3.1. Data acquisition

For the waste analysis, the functional unit was chosen to be a ['®F]FDG procedure. Data collection
commenced by attending [®F]FDG procedures where the amount of consumables was counted per
patient. Thereafter, the average quantity of consumables per ['8F]FDG procedure was established.
Subsequently, every identified consumable and packaging was weighed and measured in kilograms
(kg). Because of safety concerns, these consumables were weighed in advance and not after the proce-
dure. The following weights per consumable were recorded:

o Net weight of the consumable excluding packaging;

o The weight of the primary packaging (the packaging in direct contact with the consumable).
Secondly, the various waste streams were discerned by performing interviews with the hospital’s waste
manager and the waste treatment company Renewi (Milton Keynes, UK). In addition, the end-of-life
treatment of the identified consumables was ascertained.

3.3.2. Data analysis

The environmental impact was determined according to the methodology of De Ridder et al. [60].
Firstly, the consumables were categorized into the identified waste streams and the total weight per
waste stream per [8F]FDG procedure was computed in kg. Subsequently, these disposables were cat-
egorized into four waste streams: residual waste, regulated medical waste, plastics, and paper and
cardboard. Two distinct waste disposal methods were analyzed. Firstly, the current waste disposal
method was analyzed with the residual waste, regulated medical waste and paper and cardboard as
waste streams and consumables were mainly disposed as residual waste. The second waste disposal
method included an additional fourth waste stream for recyclable soft plastic and drinking cartons
and correct waste separation per waste stream. Subsequently, the environmental impact per [ '*F]FDG
procedure was established with the use of the CE Delft waste stream emission factors and the ZAVIN
emission factor for regulated medical waste, outlined in Table 3.3 [61, 62, 63, 64]. The scope of these
factors are elaborated in Appendix C.

Table 3.3: Waste stream CO,-eq emission factors established by CE Delft and ZAVIN [61, 62, 63, 64].

Waste stream End-of-life treatment in NL.  Emission factor (kg CO,-eq/kg)
Residual waste Incineration 0.407

Regulated medical waste Incineration 1.389

Plastics Incineration 1.730

Plastics Open-loop recycling -0.780

Paper and cardboard Closed-loop recycling -0.400
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3.4. Radiopharmaceutical production

3.4.1. Data acquisition

The workflow for the radiopharmaceutical production of the [!8F]FDG was firstly mapped out in con-
sultation with anproduct specialist from BV Cyclotron VU (Amsterdam, NL) and a product specialist
from Radboud Translational Medicine (RTM) center (Nijmegen, NL), see Section 1.7 [65, 66]. This
incorporated the manufacturing steps, quality checks and transportation steps. Subsequently, the en-
vironmental hotspots of the production process were identified in cooperation with both specialists
and were found to be:

e Energy consumption of the cyclotron;
e Energy consumption of the HVAC of the cleanrooms;
e Waste generation during the synthesis and dispensing of the radiopharmaceutical.

Data about the energy consumption of the cyclotron was gathered via the assessment of technical speci-
fications by the cyclotron engineer of the RTM [67]. The energy consumption of the HVAC of the clean-
rooms was collected by literature research and performing interviews [65]. Lastly, the waste generation
per production batch of ['¥F]FDG was estimated and weighed (incl. packaging) in kg. Additionally,
the corresponding waste streams were identified [65, 66].

3.4.2. Data analysis

The data of the energy consumption of the Siemens Eclipse HP cyclotron of the RTM was provided per
batch of 18F together with the average End-of-Beam (EOB) (04:00AM) radioactivity per batch in mega-
Becquerel (MBq). The ratio of the total batch radioactivity was determined for a ['®F]FDG morning
program with 9 patients at the Alrijne hospital. The radioactivity of ['®F]FDG that is administered to
the patientis 1.5 MBq per kg. In the current research, an average weight of 78,7 kg was taken to calculate
the average dose per patient [48]. According to Formula 3.5 and the starting times of the standard
patient program, the['®F]FDG radioactivity was calculated per patient. The total radioactivity for an
average morning program was calculated at the time of arrival at the department (07:15AM). The EOB
radioactivity of 1®F dedicated to the Alrijne Hospital was thereafter calculated according to Formula
3.5 by taking into account the decay between EOB and arrival. The ratio between the total radioactivity
per batch and the radioactivity for the Alrijne Hospital was determined. This ratio was used to extract
the energy consumption of the cyclotron specifically for the Alrijne Hospital.

T~

1
A= AO * — (35)
2
Parameters: A = Activity after a certain time interval (MBq); Ay = Activity at starting time (MBq); t = time
interval (h); t1 = half-life of [18F]FDG (h)
2

Secondly, the energy consumption of the HVAC in GMP-class C cleanrooms was found to be 0.50 kW /m,
[68, 69]. With the area surface of the average pharmaceutical cleanroom and the duration of the syn-
thesis and dispensing process of ['®F]FDG, the HVAC energy consumption per ['8F]FDG batch was
calculated. The aforementioned ratio was subsequently used to determine the HVAC energy propor-
tion of the Alrijne Hospital. The enviromental impact was finally established by using the emission
factors from Table 3.2.

Thirdly, the weights of the disposables that were used per ['8F]FDG batch were multiplied by the emis-
sion factors listed in Table 3.3 of the corresponding waste stream and similarly the previously men-
tioned ratio was used to specify the impact of the Alrijne Hospital. Lastly, all the calculated environ-
mental impacts were converted to the environmental impact per [®F]FDG patient in CO,-eq.



Results

4.1. Energy consumption

4.1.1. PET/CT imaging

The PET/CT patient program between June 19th 2023 and August 16th 2023 is presented in Appendix B.
The operating hours for the PET/CT scanner exhibited daily variations due to alternating ending times.
The starting operating time consistently was at 07:00 AM, commencing with calibration tests. The daily
PET/CT system start-up time was documented in the checklist in Appendix A, wherein the energy sav-
ing mode exhibited an average startup duration of 7 minutes, the longest among the observed modes.
The neutral conductor measurements showed currents <0.4 A (see Appendix D) and were therefore
tolerated, requiring no adjustments in the power calculation. Figure 4.1 displays the energy measure-
ment of one [®F]FDG procedure. Moreover, figure 4.2 presents the energy measurements for Phase
1 across four Wednesdays. Differences in CT power consumption can be explained because of differ-
ences in CT scan size and the variety in the weight of the patient.

Each of the four different PET/CT power modes was measured during non-operational hours for 6
days. In a separate measurement, the phase difference (cos(¢)) between the voltage and the current
of the power supply of the PET/CT was established as a constant factor of 0.85. Thereafter, the power
computation, according to Formula 3.1, was performed per phase. The total power consumption was re-
trieved by the summation of the power results of all three phases. The results of the harmonic analysis
are listed in Appendix F. The results of the apparent energy consumption per power mode, quanti-
fied in kWh per hour, are displayed in Table 4.1. Additionally, no day-to-day variation was observed
within the separate weeks. Therefore, the data per week was grouped together for further analysis. The
Mann-Whitney U test for the comparison of system on and the other power modes showed p-values of
<0.0011, indicating the rejection of the null hypothesis. Hence, the energy consumption results during
system on were stochastically greater than the results of the other power modes. Moreover, the energy
saving mode showed the biggest energy reduction of 30% and saved approximately 0.94 kg CO,-eq
emissions per hour [57].

Furthermore, the energy consumption for ['8F]FDG, [#?Rb]Cl, ['8F]PSMA-1007 and ['®F]NaF was
measured per procedure and the CT and PET ratios were determined. The results are listed in Table
4.2. Tmaging with [32Rb]Cl PET/CT showed the highest energy consumption and the lowest CT con-
tribution in contrast to PET. [2Rb]Cl PET/CT procedures also took the longest compared to the other
procedures. On the other hand, ["®F]NaF PET/CT procedures exhibited the lowest energy consump-
tion and ['®F]PSMA-1007 showed the highest CT ratio per procedure. The environmental impacts per
procedure were also determined and showed emissions of 1.19 CO,-eq for [*®F]FDG procedures and
1.90, 1.14 and 1.12 kg CO,-eq for [¥*Rb]Cl, [8F]PSMA-1007 and [®F]NaF procedures, respectively [57].

According to the results showed in Table 4.1 and Table 4.2, the total annual energy consumption of
the two aforementioned scenarios were evaluated and are shown in Table 4.3. For the first scenario, the
energy saving mode resulted in a significant energy reduction of ~19% (14 590 kWh) compared to sys-
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Figure 4.1: The energy measurement of one ['8F]FDG procedure.

Table 4.1: Energy consumption per hour of the PET/CT power modes measured over 6 days.

Week no. Power mode Amount of non-  Median energy consumption
operational hours /hour in kWh/h (Q1-Q3)
Week 1 System on 94.75 8.60 (8.37-8.83)
Week 2 Computer 94.75 8.26 (8.04-8.47)
screens off
Week 3 Software shutdown 99.33 6.66 (6.56-6.77)
(incl. screens off)
Week 4 Energy saving mode 102.82 6.03 (5.94-6.12)

(incl. screens off)

tem on, equivalent to the electricity consumption of 5.5 2-person Dutch households and 5375 kg CO,-eq
emissions. [70]. Scenario 2 showed even higher energy reductions of ~22% for the energy saving mode.
The energy savings were equivalent to the electricity use of 6.0 2-person households [70] and 5819 kg
CO2-eq emissions. Figure 4.3 summarizes the estimated annual energy consumption and correspond-
ing environmental impact per scanner system state for both PET/CT scenarios. A distinction was made
between the operational (active state and idle state) and non-operational hours (system on, computers
off, software shutdown and energy saving mode). For both scenarios, the largest energy consumption
was seen during non-operational hours regardless of the power mode. Additionally, the annual cost
savings between the different power modes were calculated for the first scenario, resembling the Alri-
jne Hospital. The costs for the energy consumption of the Alrijne Hospital Leiderdorp were found to
be €0.12 per kWh [59] The largest savings were seen for the energy saving mode of €1751,- per year.

4.1.2. Reporting stations & desktop computers

The real-time power measurements of the reporting stations showed a total average power of 278
(+3.78) W in active state and 21 (+1.21) W in sleeping mode. The desktop computers showed a to-
tal average power of 60 (+1.6) W and 0 kW, for active mode and sleeping mode respectively. Both
devices showed a power of 0 W in shutdown mode. The results of the individual measurements are
shown in Appendix G. The daily energy consumption of both devices, in three different power settings
during non-operational hours, was calculated for the weekly days and weekend days. Complete shut-
down and the sleeping mode showed significant energy savings for both type of devices compared
to leaving the systems in active mode. Regarding the reporting stations, this was 4.71 kWh/day and
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Figure 4.2: Energy measurements of four weekly days in the four measured power modes.
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Table 4.2: Energy consumption of PET/CT radiopharmaceutical procedures.

Radjiotracer Amount  Average Median energy CTratio  PET ratio
of duration  consumption per per

procedures  inmin  per procedurein procedure procedure

kWh (Q1-Q3)

['8F]FDG 123 20 3.23 (3.15-3.62) 6% 94%
[82Rb]Cl 97 30 5.15 (5.00-5.41) 3% 97%
['8F]PSMA-1007 48 20 3.10 (3.00-3.27) 9% 91%
['®F]NaF 47 20 3.03 (2.90-3.09) 7% 93%

Table 4.3: Estimated total annual energy consumption for two different hospitals.

Power mode Annual energy consumption Annual energy consumption
scenario 1 (kWh) scenario 2 (kWh)

System on 76 741 71 405

Computer screens off 74 768 69 269

Software shutdown & 65739 59 495

(incl. screens off)

Energy saving mode & 62 151 55611

(incl. screens off)

4.38 kWh/day for shutdown and sleeping mode on weekly days, respectively. The desktop computers
showed daily savings for the shutdown and sleeping mode of both approximately 1 kWh/day. For both
devices, the shutdown mode showed a 71% energy reduction compared to leaving the devices in active
mode during non-operational hours.

In case of the Alrijne Hospital Nuclear Medicine department, complete system shutdown of all report-
ing stations (n=5) and desktop computers (n=8) would save approximately 2340 kWh per year in
comparison with leaving them in active state outside of working hours. This is equivalent to 0.83 2-
person households and 862 kg CO,-eq emissions [57, 70]. Implementing the sleeping mode resulted in
yearly savings of approximately 2200 kWh, which was 810 kg CO,-eq [57] and thus equivalent to 0.78
2-person households [70].

4.2. Waste disposal

The waste generation of a PET/CT ['®F]FDG procedure was quantified. In total, 15 different types of
disposables were utilized, which collectively amounted to 0.26 kg of waste per procedure. The com-
plete inventory of disposables with the corresponding weights and impacts are shown in Appendix I.
According to the emission factors displayed in Table 3.3, the environmental impact for waste disposal
with three waste streams was in total 0.11 kg CO,-eq per ['8F]FDG procedure. The additional waste
stream for recycling soft plastics was also analyzed and based on interviews with the waste manage-
ment company, it was found that only the plastic packaging and empty Natrium-chloride infusion bags
could be disposed in the plastics waste stream (see Appendix I). Correct waste separation of plastics
and paper resulted in an impact of 0.04 kg CO,-eq per procedure and thus showed a ~64% reduction.
The boxplot in Figure 4.4 gives an overview of the waste streams with the weights and impacts per
['8F]FDG procedure.

4.3. Radiopharmaceutical production

The power consumption of the cyclotron for ¥F-production was assessed by the RTM and resulted in
an average total power of 50 kW (see Appendix J). The production of a ¥F-batch of 300 Giga-Becquerel
(GBq) took on average 3 hours, occurring from 01:00AM until 04:00AM (EOB time). Consequently,
the total energy consumption for the complete production cycle amounted to 150 kWh. The arrival
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Figure 4.4: The environmental impacts and weights per waste stream of one ['®F]FDG procedure.

time of ['8F]FDG at the department was established at 07:15 AM. For the average ['*F]FDG morning
program, the 8F-radioactivity was calculated and found to be 3558 MBq. Details of individual patient
calculations are provided in Appendix J. The EOB radioactivity of this proportion was subsequently
calculated according to Formula 3.5, yielding a value of 21.5 GBq. The fraction of the total EOB radioac-
tivity allocated to the Alrijne Hospital was determined to be approximately 0.07. Consequently, the
energy consumption of the cyclotron dedicated to ['®F]-production for the Alrijne Hospital was found
to be 10.8 kWh. Per ['®F]FDG procedure, this was approximately 1.2 kWh and is equivalent to 0.44 kg
COz—eq.

Furthermore, the energy consumption of the HVAC of GMP C-class pharmaceutical cleanrooms was
found to be 0.5 kW/mj; [68, 69]. The total area surface of the RTM cleanrooms was given as 300 m1,,
with an average individual area surface of 60 m,. This resulted in an estimated power consumption of
30 kW for one GMP B-class cleanroom. The duration of the synthesis and dispensing procedure per
I8F batch was estimated to be 1.5h [57]. This resulted in an energy consumption of 45 kWh. According
to the previously mentioned ratio, this translated to 0.36 kWh per ['®F]FDG procedure, corresponding
to 0.13 kilograms of CO,-eq.

Annual environmental impact (kg CO2-eq)
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Moreover, the waste generation was quantified for the synthesis and dispensing steps in the production
of ['®F]FDG. It was found that this process involved the use of three types of disposable kits, namely a
cassette kit for synthesis, a reagent kit for synthesis and a dispensing kit. Additionally, 5 pairs of gloves
and 4 hairnets were used throughout the process. All the disposables were weighed individually by a
product specialist, yielding a cumulative weight of 2.1 kg of waste. The individual waste streams were
determined and with the use of the emission factors listed in Table 3.3, the environmental impact per
batch was found to be 0.41 kg CO,-eq. The corresponding impact per [1¥F]FDG procedure was found
to be 0.003 kg CO,-eq.

4.4. Environmental impact ['®F]FDG procedure

Different aspects of the environmental impact of a ["®F]FDG procedure were measured in this study,
namely the energy consumption, waste disposal and some production steps of ['®F]FDG. The total
environmental impact of ['®F]FDG PET/CT imaging was measured at 2.01 kg CO,-eq per procedure,
with PET/CT scanner energy consumption (62%) and cyclotron energy consumption (22%) being the
primary contributors.The results are presented in Figure 4.5 for one ['®F]FDG procedure.

0.003; 0%
0.13; 7%

Energy consumption - PET-CT
procedure

= Waste disposal - Consumables

= Production radiopharmaceutical -
Energy consumption Cyclotron

Production radiopharmaceutical -

1.25; 62% )
Energy consumption Cleanroom

m Production radiopharmaceutical -
Waste disposal synthesis and
dispensing

Figure 4.5: The environmental impacts for one ['8F]FDG procedure based on energy consumption, waste disposal and the
production of radiopharmaceuticals.



Discussion

This is the first study that investigated the environmental impact of PET/CT imaging. Furthermore, it
is also the first research that encompassed the production of the pharmaceuticals used for the imag-
ing. The environmental impact was assessed focusing on three primary aspects: energy consumption,
waste management and radiopharmaceutical production. Substantial energy reductions were observed
when the PET/CT scanner operated in the energy saving mode compared to system on, yielding a re-
duction of 29%, and for the software shutdown mode a 22% reduction was noticed. For all measured
power modes, the PET/CT scanner exhibited the highest energy utilization during non-operational
hours. Additionally, the environmental impact of the energy consumption of four radiopharmaceu-
tical PET/CT procedures was investigated. The emissions per PET/CT procedure ranged from 1.12
kg CO,-eq (['8F]NaF) until 1.90 CO,-eq ([®?Rb]Cl). For a [*®F]FDG procedure, the PET/CT energy
consumption was equivalent to 1.25 kg CO,-eq which was 62% of the total investigated environmental
impact of [8F]FDG. Furthermore, for reporting stations and desktop computers, an energy reduction
of 71% for both devices was shown in complete shutdown compared to active mode. Waste separa-
tion of plastics and paper showed a ~64% CO,-eq reduction per procedure. For radiopharmaceutical
production, the impact of the cyclotron’s energy consumption was found the largest (0.44 kg CO,-
eq/procedure). The total environmental impact of ["®F]JFDG PET/CT imaging was measured at 2.01
kg CO,-eq per procedure, with PET/CT scanner energy consumption (62%) and cyclotron energy con-
sumption (22%) being the primary contributors. Other imaging procedures have also been researched,
notably LCA research of MRI found an environmental impact ranging from 17.5-22.4 kg CO,-eq per
scan [38, 36, 40, 41]. CT resulted in 9.2-14.1 kg CO,-eq per scan [41, 37, 40, 38]. US showed emis-
sions of 0.5-0.65 kg CO,-eq per scan[40, 41] and X-ray resulted in 0.5-0.8 kg CO,-eq per scan [41, 42].
Nonetheless, it is crucial to emphasize that a direct comparison with PET/CT is not feasible due to dis-
parities in the study boundaries of the LCA.

This study showed that the implementation of the energy saving mode as standard practice can cause
large energy reductions. Similar research has previously been conducted for CT, revealing comparable
annual savings of a similar order of magnitude, both around the 14,000 kWh [47]. Moreover, powering
off all reporting stations and desktop computers during non-operational hours should also become part
of standard practice. Previous research of Biittner et al. showed similar energy reductions for reporting
stations, of 71.3%, in shutdown [71]. A key strength of this study is the fact that the analysis of the en-
ergy consumption of the PET/CT scanner incorporated the power inefficiencies inherent to the scanner
and therefore accurately assesses the energy consumption. These inefficiencies arise from the present
phase differences between current and voltage, as well as the presence of harmonic frequencies that cul-
minate in energy dissipation in the form of heat extraction. Besides, the energy results were presented
per power mode and per radiopharmaceutical PET/CT scan. Hence, healthcare facilities equipped with
a comparable PET/CT scanner can utilize this data to compute the energy consumption tailored to their
operational context. Exemplary calculations for two distinct hospital scenarios were already presented
in this study.

There were some limitations inherent to this study. It is important to conduct a comprehensive LCA,
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but only two LCA stages were included, namely the use phase and the waste disposal phase. The
other three LCA stages were beyond the scope of this study because there was no access to data of the
manufacturer. Generally, this is because of commercial and confidential reasons [41]. Especially raw
material extraction is expected to have a big environmental impact. One of the reasons is the fact that
mining is extremely water intensive and produces large volumes of waste [72]. In environmental prod-
uct declarations of CT scanners from a different vendor, it could be noticed that the largest part of the
scanner is made of ferrous alloys, nonferrous metals and alloys (82.6 - 87%). Also, critical substances
and precious metals were used and for these materials high carbon footprints were found [73, 74, 75, 76,
77]. On top of that, the PET detectors of the PET/CT Discovery MI 5-ring scanner are made of Lutetium
which is a heavy rare earth with a very high carbon footprint of 4975 kg CO,-eq/kg (Ecoinvent database
V3.8) [73,9,77]. To conduct a complete LCA, a collaborative engagement with industry stakeholders is
needed. Achieving transparency from the industry about the life-cycle of a scanner should become the
standard practice. Additionally, there should be a sustainability metric for manufacturers to evaluate
the ecological impact of their imaging equipment. Currently, the US Environmental Product Agency is
developing the new Energy Star specification that is a label to medical imaging equipment to recognize
that it is energy efficient [78]. Such a specification encourages manufacturers to improve their power
management strategies. It is essential that something similar will be developed that encompasses the
whole life-cycle of the imaging equipment.

Another limitation of this study pertains to the partial coverage of the use and waste disposal LCA
phases. First of all, the energy and water use for the HVAC climate control of the PET/CT was not
included. The HVAC climate control of scanner rooms is expected to be energy-intensive because of
the heat extraction of the scanner. However, this calculation is very dependent on the size of the room,
the type of HVAC system and the requirements per hospital. In addition, the energy consumption of
lighting and ancillary equipment was also not included. The HVAC and lighting can be automatically
controlled in hospitals, such that during non-operational hours both systems are switched off or put to
a lower level. Significant energy reductions of 45% were e.g. found for a smart sensor control system
as HVAC in a study of Kang et al [79]. Moreover, it is interesting to also incorporate the environmental
impact of the shielding of the PET/CT room in future research. Former research of Sanchez-Barroso
et al. showed the environmental impacts for 8 different shielding materials and found that sprayed
concrete was most environmentally friendly [80]. Regarding the waste disposal phase, the end-of-life
treatment of the PET/CT scanner was not encompassed because it could not be assessed without de-
tailed information of the manufacturer.

Furthermore, there was a variety in the amount of non-operational hours in which the power modes
were measured and there was a varying amount of scans measured per radiopharmaceutical. For future
research, larger and more uniform sample sizes are advised for more accurate results. Due to time lim-
itation, this could not be fulfilled within the present study. On top of that, for ['®F]FDG and ['®F]NaF
PET/CT scans, there were inter-procedural differences in scan length as these tracers entail various
regions of interests. Consequently, there are some inter-procedural differences in energy consumption
since scan duration is directly proportional to energy consumption [28]. In addition, for CT scans, the
same quality of the scan is targeted by putting requirements to the level of noise. Larger patients create
more attenuation so the tube current-time product of the CT scanner needs to be increased to create a
scan with similar resolution. The pitch can be decreased to increase the radiation dose to the patient.
The tube current, quantified in milliAmperes, is not amenable to alteration. [81]. Furthermore, in the
calculation of the contribution of CT and PET to the total consumption per PET/CT scan, the baseline
energy consumption is attributed to the PET-system. The CT system, on the other hand, warms up
when a direct command is given and scales down after 10 minutes of inactive use. However, in the
baseline energy consumption of the PET/CT scanner there is still a small part devoted to the CT sys-
tem and that is currently attributed to the PET system. Nonetheless, this CT-contribution is ought to be
very small [51]. Then, the energy measurements of the reporting stations and desktop computers were
conducted with a real-time power analyzer for 3 times in total, while this is preferably measured over
time for e.g. a month. With only three measurements, there is a lack of precision since small variations,
outliers or errors can have a significant impact on the overall analysis. Additionally, there is a risk of
bias as the three measurements may not be random and representative, especially in the active state of
the computers. Furthermore, it is noteworthy that the conversion of energy consumption to CO,-eq is
calculated with the conversion parameters dedicated to this hospital and the Dutch electricity grid [59,
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57]. Also, the analogies made to four-person households are based on the electricity use of the average
Dutch households [70].

The waste generation and disposal was identified only for ['®F]FDG since this radiopharmaceutical
is most widely used and due to time limitation [25]. Likewise, only the production of ['®F]FDG was
investigated. Future research can perform this investigation for the other radiopharmaceuticals. This
research can be utilized as a framework on how to conduct this type of research. Ideally, a complete
LCA was performed for all the consumables that were identified in the waste disposal phase to calcu-
late the complete life-cycle carbon emissions. However, the materials of the consumables could not be
retrieved within the time frame of the study and therefore it was chosen to only focus on the end-of-life
treatment of these consumables. Secondly, only for non-sterile gloves and the celluloid mats there was
already LCA research available in literature [82, 83]. Besides, the emission factors for waste treatment
had some limiting factors. Firstly, the residual waste emission factors were based on average residual
waste in the Netherlands [62]. The composition of the average residual waste contains much more or-
ganic waste and is therefore not necessarily similar to that of hospitals [84]. The emission factor of plas-
tics was based on a mix of hard and soft plastics, while the investigated waste stream only allowed soft
plastics [62]. Separate emission factors for hard and soft plastics are therefore essential. Thereby, it was
found that only a relatively small amount of waste could be recycled in the plastics waste stream while
lots of the disposals contained soft plastic parts. Future disposables should be designed such that parts
can be disassembled for waste separation. In addition, a hard plastic waste stream and metals waste
stream should be added to hospital departments for complete waste separation [61]. Clear labeling and
visual reminders can thereby improve the waste separation process [28]. Most importantly, for many
medical disposables there are reusables available on the market [82, 83, 85]. Disposable products are
procured because the perceived costs of these products are lower than for their reusable equivalents.
However, it is often neglected during this decision that over the lifetime of these reusable instruments,
they will prove to be much more cost competitive than disposable instruments. Furthermore, dispos-
able products generate significant amounts of waste and have a high environmental impact. There are
also differences in waste treatment methods and their environmental impact. For residual waste, post-
separation of the waste in the Netherlands showed significant reductions in carbon emissions because
of biogas and energy production and the recovery of plastics and metals [61].

The environmental impact analysis of the radiopharmaceutical production of [®F]FDG was mainly
based on information of technical specifications, literature and assumptions. No real-time measure-
ments of the energy consumption of the cyclotron and clean rooms were made. However, this research
showed some first valuable insights given the fact that this topic was unexplored in literature. Future re-
search can be dedicated to measuring the exact energy consumption of the cyclotron and cleanrooms,
and explore the saving potentials. Previous research already found that for cyclotrons, the largest
amount of energy was utilized by the radio frequency system, and that the largest savings (~ 20%)
could be found if the water cooling pumps were upgraded to Variable Frequency Drive equivalents
[86]. In addition, the energy consumption of the HVAC climate control system for GMP-classified
cleanrooms can be reduced by making use of smart climate control sensors. During off-hours, less
energy will be consumed while maintaining the strict climate for during the operating hours [87, 78].
The estimation of the energy consumption per [®F]FDG procedure was based on a morning program
with 9 patients with an average weight. However, it is important to highlight that the patient program
varies every day, thus the fraction of ['®F] radioactivity dedicated to the Alrijne hospital is also differ-
ent every day.

Lastly, there are some overarching challenges and future perspectives concerning the environmental
impact of PET/CT imaging. In hospitals, the usage of green energy sources for the power supply can
be increased. For manufacturers, there lays a challenge to find alternative materials for the production
of scanners with a smaller carbon footprint or use recycled materials. In addition, there is a big op-
portunity for manufacturers to save carbon emissions by building circular and modular scanners and
perform refurbishment instead of replacement of parts. Further improvements in the PET detection of
the scanner can reduce scan lengths and therefore also the scan energy consumption [28]. This can be
accomplished by creating more sensitive photomultiplier light sensors in the PET detectors or increase
the scanners’ geometric coverage of the body. In addition, Al applications can be used to improve
and accelerate the estimation of the photon interaction’s location, time, and energy within the detector
which also shortens the scan duration [28, 9]. However, Al algorithms also use a lot of datastorage
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and therefore are sometimes also energy-intensive [88]. Within hospitals, more energy efficiency can
be achieved by increasing the utilization ratio of the PET/CT scanner, so the scanner is less in idle state
during working hours. On a patient level, doctors should only perform medical imaging procedures
with an added value for the patient and medical imaging protocols can also be revised to eliminate
low-value imaging [28]. This also results in less unnecessary radiation exposure to patients [89]. Au-
tomated clinical decision system can be of added value to ensure an evidence-based and appropriate
use of medical imaging and therefore prevent over-utilization. Ip et al. found that the amounts of
low-value CT and cardiac SPECT scans reduced with 17.5% and 43%, respectively [90].



Conclusion

In conclusion, the environmental impact of [!®F]FDG PET/CT imaging, encompassing energy con-
sumption, waste disposal and radiopharmaceutical production, was measured in total at 2.01 kg CO,-
eq/procedure. The energy consumption of the PET/CT scanner during the procedure was found to
be the largest contributor (62%), after which the cyclotron energy consumption followed (22%). Dur-
ing non-operational hours, large energy reductions could be achieved through the implementation of
the energy saving mode for the PET/CT scanner and complete shutdown of all reporting stations and
desktop computers. Finally, there are opportunities and challenges that need to be addressed in order
to further reduce the environmental impact of PET/CT imaging while simultaneously high diagnostic
standards. These included the utilization of more environmental friendly materials for the produc-
tion of thet PET/CT scanner and its consumables, the reduction the scan length to minimize energy
consumption, and the increased use of green energy sources for power supply.
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7.

Protocol energiemetingen

Week 1 (19-06 t/m 23-06): Beeldschermen aan & PET-CT aan

Graag in deze week na de dienst zowel de beeldschermen van de PET-CT computer als de PET-CT scanner aan
laten staan. De HiX-computer mag wel gewoon uitgezet worden.

Week 2 (26-06 t/m 30-06) : Beeldschermen uit & PET-CT aan

Graag in deze week na de dienst de beeldschermen van de PET-CT computer uitzetten en de PET-CT scanner
aan laten staan, oftewel de huidige werkwijze. De HiX-computer mag gewoon uitgezet worden.

Week 3 (03-07 t/m 09-07): Beeldschermen uit & PET-CT software in shutdown

Na de dienst graag de beeldschermen uitzetten en de PET-CT software in shutdown modus zetten (zie
onderstaand stappenplan). In deze modus worden de reconstructie- en acquisitiecomputers van de PET-CT
uitgezet maar blijven de verwarmingselementen en koelingssystemen van de detectoren aan staan. De PET-CT
scanner staat dus niet helemaal uit, maar alleen de software wordt hierbij uitgezet! Dit wordt aanbevolen door
GE in verband met het goed blijven functioneren van de PET-CT.

PET-CT software in shutdown zetten (einde van de dienst):
Zorg dat de tafel helemaal naar beneden staat of in QC stand.
Klik op "Shutdown", klik opnieuw op “Shutdown” en op "OK".
Er volgt een pop-up en klik op "Confirm".

De acquisitie- en reconstructiecomputers zullen afsluiten.
Wacht tot "System halted." in het scherm verschijnt.

Druk vervolgens op de groene aan/uit knop in van de CT reconstructie- en
acquisitiecomputer onder het bureau. In verband met de plaatsing van de
computer is de knop niet te zien, maar wel te voelen. De knop zit aan de voorkant/bovenin en is de enige knop.

Laat het systeem in deze stand voor de nacht.
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Week 4 (10-07 t/m 14-07): Beeldschermen uit & PET-CT in energie bespaarmodus

PET-CT in energie bespaarmodus zetten (einde van de dienst):

Zorg dat de tafel helemaal naar beneden staat of in QC stand.

Klik allereerst op de "Shutdown" button en klik dan op “Energy saving modus” en dan op "OK".
Vervolgens komt er een venster (zie rechts) tevoorschijn waar een start up tijd
ingesteld kan worden voor de volgende dienst. Deze staat standaard om 07:00’s
ochtends ingesteld en hoeft dus niet meer aangepast te worden. Klik op “OK”.
Er volgt een pop-up en klik op "Confirm".

De acquisitie- en reconstructiecomputers zullen afsluiten.

Wacht tot "System halted." in het scherm verschijnt.

Druk vervolgens op de groene aan/uit knop in van de CT reconstructie- en
acquisitiecomputer onder het bureau. In verband met de plaatsing van de
computer is de knop niet te zien, maar wel te voelen. De knop zit aan de voorkant/bovenin en is de enige knop.

Laat het systeem in deze stand voor de nacht.
PET-CT volgende dag aanzetten (begin van de dienst):

Druk op de groene aan/uit knop van de CT reconstructie- en acquisitiecomputer onder het bureau.
De volgende melding verschijnt: "WARNING: Fastcal has not been performed within
the last 24 hours" of "No scans have been taken since..."

met "Tube warm-up must be @
run". Druk op "OK". S -

Controleer in het rechterscherm bij "SRM" of dit groen kleurt. Klik op "SRM" om te T

bekijken waar het systeem nog mee bezig is. Het duurt een aantal minuten voordat de E
kleur van wit naar groen verandert.
Het systeem staat nu weer aan en de dagelijkse QC kan uitgevoerd worden voordat er SN v e

patiénten gescand worden.

Bij mogelijke complicaties tijdens de procedure van uit- en aanzetten van de PET-CT dient altijd contact te
worden opgenomen met de MTA (28032) en desnoods met de klinisch fysicus (29800). Desnoods kan via de
centrale (999) contact opgenomen worden de dienstdoende MTA of klinisch fysicus.

L.R. Artz — Technische Geneeskunde Stagiaire
Auteur:
Vragen: Irartz@alrijne.nl of +31625344362

N. Bakker - Klinisch fysicus

Beoordelaar:
L. Schlagwein - MBB vakspecialist

Autorisator: A. van Litsenburg - Teamleider Beeldvormende Technieken
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Datum Welk scenario wordt Is het protocol voor | Hoelang duurde Zijn er nog opmerkingen?
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Patient program

Table B.1: Patient program PET/CT scanner during the energy measurements.

Week no. Date Morning or afternoon PET-CT program Time period Amount
of patients
Week 1 6/19/2023  Morning FDG 08:40-12:00 9
Afternoon PSMA 13:15-17:15 12
Week 1 6/20/2023  Morning/evening FDG 08:40-09:00 6
17:00 - 20:00
Morning Rubidium 09:30-12:00 5
Afternoon NaF 12:35-16:55 13
Week 1 6/21/2023  Morning/afternoon/evening FDG 08:40-09:00 9
12:00 - 12:50
16:40 - 18:20
19:20 - 20:10
Morning/afternoon Rubidium 09:25-11:30 10
14:55 - 16:30
Week 1 6/22/2023  Morning/afternoon Rubidium 09:25-12:00 11
13:25 - 16:30
Morning/afternoon FDG 12:00-13:20 9
16:40 - 17:00
17:20 - 18:20
19:20 - 20:00
Week 2 6/12/2023* Morning FDG 08:40-12:00 9
Afternoon PSMA 13:15-17:20 12
Week 2 6/27/2023  Morning/evening FDG 08:40-09:00 7
17:00 - 18:20
19:20 - 20:15
Morning Rubidium 09:30-12:00 5
Afternoon NaF 12:35-16:55 13

*On Monday the 26th of June, the PET/CT scanner was not operating because of a shortage of personnel. Therefore,
an additional measurement on Monday the 12th of June was executed with the same protocol as in week 2 and
this data was used instead.
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Week nr. Date Morning or afternoon PET-CT program Time period Amount
of patients
Week 2 6/28/2023 Morning/afternoon Rubidium 08:55-12:00 12
13:25 - 16:30
Morning/afternoon FDG 12:00-12:20 8
13:00 - 13:20
16:40 - 18:20
19:20 - 20:00
Week 2 6/29/2023 Morning/afternoon Rubidium 08:55-12:00 12
13:25-16:30
Morning/afternoon FDG 12:00-13:20 9
16:30 - 17:00
17:20 - 18:20
19:20 - 20:00
Week 3 7/3/2023 Morning/evening FDG 08:40-12:00 14
17:20 - 18:20
19:20 - 20:00
Afternoon PSMA 13:15-17:00 12
Week 3 7/4/2023 Morning FDG 08:40-09:00 1
Morning Rubidium 09:30-12:00 5
Afternoon NaF 12:35-16:00 9
Week 3 7/5/2023  Morning/afternoon FDG 08:40-09:00 9
12:30 - 13:20
16:40 - 18:20
19:20 - 19:40
Morning/afternoon Rubidium 09:25-10:25 9
11:30 - 12:00
13:25 - 16:30
Week 3 7/6/2023 Morning/afternoon FDG 08:40-09:00 11
12:00 - 13:20
16:40 - 18:20
19:20 - 20:00
Morning/afternoon Rubidium 09:20-12:20 9
13:25 - 14:20
14:55 - 16:00
Week 4 7/10/2023 Morning FDG 08:40-12:00 9
Afternoon PSMA 13:15-17:15 12
Week 4 7/11/2023 Morning FDG 08:40-09:00 2
12:45 - 13:05
Morning Rubidium 09:30-12:00 5
Afternoon NaF 12:35-15:35 12
15:55-17:15
Week 4 7/12/2023 Morning FDG 08:40 - 09:00
12:00 - 12:20
15:25-17:20 8
Morning Rubidium 09:30-12:00 5
Afternoon Choline 13:15-15:00 7
Week 4 7/13/2023 Morning FDG 08:40-09:00 3
12:00 - 12:20
16:40 - 17:00
Morning/Afternoon Rubidium 09:20-12:00 9
13:55 - 16:30
Morning/Afternoon Amyloid 13:25-1720 1




Emission factors

C.1. Emission factors energy consumption

The emission factors that were used for converting energy consumption (kWh) to CO,-eq emissions, were based
on the full LCA of the power plants and wind mills [58, 57]. The direct emissions (scope 1 and 2) for several
aspects of the LCA were taken into account and are listed below:

1.
. Transport for the construction;

. Construction of the power plants or wind turbines;
. Energy storage;

. Transport for the electricity usage;

. Electricity usage;

. Transmission loss of the energy;

. Demolition of the power plants or wind turbines.

O IO\ U1 W

Raw materials needed for construction of power plant or wind turbine;

C.2. Emission factors waste streams

The weights of waste per waste steam were converted into CO,-eq emissions according to the emission factors of
CE Delft and Zavin [62, 64]. For incineration, a different method of CO,-eq calculation was used then for recycling
methods. The process steps that were taken into account for the incineration emission factors were as followed:

1.
. Direct emissions from incineration;

. Post-processsing of bottom residual ash;
. Transport between steps.

. Generation of electricity;

. Heat generation;

N Ul W N

Energy consumption of incinerator;

The recycling emission factors incorporated the following process steps:

U LW

. Energy and gas usage during sorting and reprocessing;

Energy, water and gas usage during processing of the materials;

. Additional material usage for processing;

. Losses of materials throughout the process;
. Transport between steps;

. Avoidance primary material.
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Current (&)

Neutral conductor results

Figure D.1: Neutral conductor current measurements of day 1 (Monday) in week 1.
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Figure D.2: Neutral conductor current measurements of day 1 (Monday) in week 2.
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Figure D.3: Neutral conductor current measurements of day 1 (Monday) in week 3.
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Figure D.4: Neutral conductor current measurements of day 1 (Monday) in week 4.
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Python code energy analysis

E.1. Main file

Python energy analysis for the PET-CT power measurements of the Alrijne hospital in Leiderdorp.

Author: Laura Artz

from matplotlib import pyplot as plt

import os

import pandas as pd

import glob

from dataplot import dataplot

import numpy as np

import scipy.stats as stats

from analysis_power_modes import analysis_power_modes

from analysis_radiotracers import analysis_radiotracers

from analysis_annual_consumption import analysis_annual_consumption

#Find the path of the right folder with all csv files
path = os.getcwd()
csv_files = glob.glob(os.path.join(path, "*.csv"))

#Create empty lists to fill with the outcomes of the energy analysis
list_data_weekl = []
list_data_week2 = []
list_data_week3 = []
list_data_week4 = []
list_E_weekl = []

list_E_week2 = []

list_E_week3 = []

list_E_week4 = []

list_iqr_weekl = []
list_iqr_week2 = []
list_iqr _week3 = []
list_iqr_week4 = []
list_E_radiotracers
list_P_radiotracers
list_standard_error =

#Loop over the list of csv files
for £ in csv_files:

#Read the csv file with Current measurements
df = pd.read_csv(f, delimiter=';', header=0, encoding='latinl')

df_statistics = pd.read_csv(f, delimiter=';', header=0, encoding='latinl')

#Read the excel file with Harmonics measurements
THD_factor = pd.read_excel('Harmonics\Distortion factors.xlsx')
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E.1. Main file 44
#Print the filename
print ('File Name:', f.split("\\")[-1])
#Convert Current datapoints to Active Power in kiloWatt (kW) according to the formula: P(active) I*U*

1

1

df['Current AAVg'] =
df['Current B Avg'] =
df['Current CAvVg'] =
df [ 'Current N Avg'] =

cos(phi)

(df [ 'Current A Avg' ]#230%0.85)%0.001
(df[ 'Current B ,Avg']*230%0.85)*0.001
(df['Current ,CLAVE']*230%0.85)*0.001
(df[ 'Current N Avg']*230%0.85)*0.001

#Convert Active power to Real power by applying the harmonic distortion factors according to P(real) =

if

if

if

if

P(active) + P(blind)

"Week1" in f:
df['Current ALAVE ']
df['Current B Avg']
df['Current ,C AVE']

"Week2" in f:
df [ 'Current A AVE']
df['Current B Avg']
df [ 'Current CLAVE']

"Week3" in f:
df['Current A AvVE']
df['Current B Avg']
df['Current ,C AVE "]

"Week4" in f:
df['Current AL AVE ']
df [ 'Current B Avg']
df['Current,CAVE ']

(df[ 'Current A AVE ']
(df[ 'Current B Avg']
(df[ 'Current ,CLAVE "]

(df[ 'Current ALAVE ']
(df[ 'Current B Avg']
(df[ 'Current ,CLAVE ']

(df [ 'Current ApAVE ']
(df[ 'Current B Avg']
(df[ 'Current CAVE "]

(df[ 'Current A AVE ']

= (df['Current BuAvg']
= (df['Current CLAvg']

(df [ 'Current A Avg' ]*THD_factor.
(df [ 'Current B Avg']*THD_factor.
(df [ 'Current,CuAvg' ]*THD_factor.

(df [ 'Current A Avg' ]*THD_factor.
(df [ 'Current B Avg' ]*THD_factor.
(df [ 'Current CuAvg' ]*THD_factor.

(df [ 'Current A Avg' ]*THD_factor.
(df [ 'Current B Avg']*THD_factor.
(df [ 'Current,C Avg' ]*THD_factor.

(df [ 'Current A Avg' ]*THD_factor.
(df [ 'Current BuAvg']*THD_factor.
(df [ 'Current,C Avg' ]*THD_factor.

#Plot the power consumption per phase and per day against the time
dataplot (df)

#Perform the energy analysis of the power modes outside of working hours to calculate the energy and
(new_df, E_power_mode, iqr) =

#List the outcomes of Analysis_1 per power mode

if

if

if

if

cost savings

"Weekl1" in f:

list_data_weekl.append(new_df)
list_E_week1.append(E_power_mode)
list_iqr_weekl.append(iqr)

"Week2" in f:

list_data_week2.append(new_df)
list_E_week2.append(E_power_mode)
list_iqr_week2.append(iqr)

"Week3" in f:

list_data_week3.append(new_df)
list_E_week3.append(E_power_mode)
list_iqr_week3.append(iqr)

"Week4" in f:

list_data_week4.append(new_df)
list_E_week4.append(E_power_mode)
list_iqr_week4.append(iqr)

analysis_power_modes(f, df)

#Perform the energy analysis of the radiopharmaceutical PET/CT scans

(E_radiotracer, P_radiotracer) =

analysis_radiotracers(f, df)

iloc[0,2]))
iloc[1,2]))
iloc[2,2]))

iloc[3,2]))
iloc[4,2]))
iloc[5,2]))

iloc[6,2]))
iloc[7,2]))
iloc[8,2]))

iloc[9,2]))
iloc[10,2]))
iloc[11,2]))

#Analysis 1: Calculate the energy consumption and costs during non-operational hours between the different
power modes

#Check the energy consumption per hour results and the interquartile ranges
print(list_E_weekl,list_E_week2,list_E _week3,list_E_week4)
print(list_iqr_weekl,list_iqr_week2,list_iqr_week3,list_iqr_week4)

#Calculate median values per week

np.median(list_data week1)
np.median(list_data_week2)
np.median(list_data_week3)
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E_median_week4 = np.median(list_data_week4)

print ('Energy per houry (kw) wWeek,1,:', E_median_week1)
print ('Energy per houry (kw) Week,2,: ', E_median_week2)
print ('Energy per houry (kw) Week,3,:"', E_median_week3)

print ('Energy perghour, (kW) Week_ 4,:', E_median_week4)

#Calculate the quartiles (Q1,Q3) per week

print('Q1 Week,1,:"', np.median(list_E_weekl)-np.median(list_iqr_week1)/2)
print('Q3 Week,1,:"', np.median(list_E_weekl)+np.median(list_iqr_week1)/2)
print('Q1 Week,2;: "', np.median(list_E_week2)-np.median(list_iqr_week2)/2)
print ('Q3 Week,2.,:"', np.median(list_E_week2)+np.median(list_iqr_week2)/2)
print ('Q1,Week.3,: "', np.median(list_E_week3)-np.median(list_iqr_week3)/2)
print ('Q3 Week,3:"', np.median(list_E_week3)+np.median(list_iqr_week3)/2)
print ('Q1 Week 4,:', np.median(list_E week4)-np.median(list_iqr week4)/2)
print ('Q3 Week_ 4.,:"', np.median(list_E_week4)+np.median(list_iqr_week4)/2)

#Calculate the day-to-day variation and check whether the IQR between the days of the week is larger than
the IQR of the individual days

Q1, Q3 = np.percentile(list_E_weekl, [25, 75])

igr_weekl = Q3-0Q1

print ('IQR Week1,:', iqr_weekl)

Q1, Q3 = np.percentile(list_E_week2, [25, 75])

iqr_week2 = Q3-Q1

print ('IQR Week.,2,,:"',iqr_week2)

Q1, Q3 = np.percentile(list_E_week3, [25, 75])

iqr_week3 = Q3-0Q1

print (' IQR Week.3,:"',iqr_week3)

Q1, Q3 = np.percentile(list_E_week4, [25, 75])

iqr_week4 = Q3-0Q1

print (' IQR Week 4,:',iqr_week4)

#Perform the Mann-Whitney-U test for every week compared to week 1 System on

statistics, P = stats.mannwhitneyu(list_data_weekl,list_data_week2,alternative='greater')
print ('MWU-testP-value Week 1-Week 2:."',P)

statistics, P = stats.mannwhitneyu(list_data_weekl,list_data_week3,alternative='greater')
print ('MWU-testP-value Week,1-Week 3:',P)

statistics, P = stats.mannwhitneyu(list _data_weekl,list data week4,alternative='greater')
print ('MWU-testP-value Week,1-Week 4:',P)

#Calculate the costs per kW per power setting

print ('Costsyper kW Week,l,:', np.median(list_data_week1)*0.12)
print ('Costsyper kW Week2,,:', np.median(list_data_week2)*0.12)
print ('Costsyper kW Week,3.,:', np.median(list_data_week3)*0.12)
print ('Costsper kW Week 4,:', np.median(list_data_week4)+*0.12)

[

#Analysis 2: Calculate the energy consumption per F18 FDG PET-CT scan

i

#Create a dataframe with all the outcomes for all radiotracers

df _E_radiotracers = pd.DataFrame(list_E_radiotracers, columns=['Total energy,consumption per radiotracery
scan'])

print (df _E_radiotracers)

#Side_note: A subselection per radiotracer was performed manually as this was not retrievable from the data

(]

#Analysis 3: Calculate the yearly energy consumption of the PET-CT scanner per power mode

#Perform extrapolation of the energy results to the annual consumption for the two different types of
hospitals

analysis_annual_consumption(E_median_weekl, E_median_week2, E_median_week3, E_median_week4) #
Final used values: 8.603, 8.255, 6.662, 6.029

E.2. Energy analysis of power modes

import pandas as pd

from matplotlib import pyplot as plt
import scipy

import math
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import seaborn as sns
import scipy.stats as stats
import numpy as np

def analysis_power_modes(f, df):
i
This function calculates the energy consumption during non-operational hours to retrospectively analyze
the energy savings (in kWh) and cost savings of the PET-CT scanner between different power modes.

--Input--
f: file name.
df: a dataframe with the currents measured in different phases listed in columns and measured over time

voltage: the effective voltage that is supplied per phase.

--Output--
new_df: a new dataframe with a selection of the data during non-operational hours.
E_non: the energy consumed in during non-operational hours, calculated by using trapezoidal integration

#Plotting the energy measurements of 3 phases and N
df .plot(x='Time', y='Current A_Avg"')
plt.title('Power measurement phase 1")

plt.ylabel ('Power; (kW) ")
plt.xlabel('Time,(hh:mm:ss.ms)"')

df .plot(x="'Time', y='Current B Avg"')
plt.title('Power measurement phase 2"')
plt.ylabel('Power;(kw)")
plt.xlabel('Time,,(hh:mm:ss.ms)"')

df .plot(x="'Time', y='Current CLAvg")
plt.title('Power measurement phase3"')
plt.ylabel('Power; (kW) ")
plt.xlabel('Time,(hh:mm:ss.ms)"')

df.plot(x='Time', y='Current N_Avg")
plt.title('Power measurement neutral conductor')
plt.ylabel('Power; (kW) ")

plt.xlabel('Time, (hh:mm:ss.ms) ")

plt.show()

#Calculate the energy consumption during non-operational hours (including the weekends).
if f.endswith(('0O.csv','6.csv','7.csv')):
#Create a new dataframe with only the power values of the three phases (column 2, 4 and 6 of
original dataframe)
new_df2 = pd.DataFrame(data=[df.iloc[:,2], df.iloc[:,4], df.iloc[:,6]]).T
new_df2 = new_df2.sum(axis = 1)

#Calculate the amount of hours of the non-operational time for that specific day
time_interval = (new_df2.shape[0]*0.25)/3600

#Check whether the non-operational power data is normally distributed
sns.displot (new_df2, bins=70)

plt.show()

stats.probplot (new_df2, dist="norm", plot=plt)

plt.show()

#Perform a statistical test to reject or accept the null hypothesis that the data is normally
distributed to validate the decision
(a,b) = stats.kstest(new_df2, 'norm') #Kolmogorov-Smirnov test, because sample size > 50
print ('Statistics', a, 'p-value', b)
alpha = 0.05
if b < alpha:
print ('Theynull hypothesiscan beyrejected, the data,isytherefore notynormally distributed."')
#If non-normally distributed, calculate the median and inter-quartile range
E_hour = new_df2.median()
Q1 = new_df2.quantile(0.25)
Q3 = new_df2.quantile(0.75)
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igr = Q3-Q1
print ('Median(day),:', E_hour)
print ('25%,quartile', Q1)
print('75%uquartile', Q3)
print ('Interquartileyrange(day)y:"',iqr)
else:
print ('Theynull hypothesisycangbejaccepted, theydatayisgynormallydistributed. ')
#If normally distributed, calculate the mean, standard deviation and standard error per day
E_hour = new_df2.mean()
standard_deviation = new_df2.std()

standard_error = standard_deviation/(math.sqrt(new_df2.shape[0])) #SE = STD/(sqrt(n)

)
print ('Average(day),: ', E_hour)
print ('STD(day).:"', standard deviation) #standard error meetinstrument nog verrekenen
print('SE(day),:', standard_error) #standard error meetinstrument nog verrekenen

#Calculate the energy consumption by using the Trapezoidal rule to compute the area under the curve

(AUC) for every phase
E1 = scipy.integrate.trapezoid(df['Current A Avg'], dx=(0.25/3600))
E2 = scipy.integrate.trapezoid(df['Current B Avg'], dx=(0.25/3600))
E3 = scipy.integrate.trapezoid(df['Current ,C Avg'], dx=(0.25/3600))
E_tot = E1 + E2 + E3
print ('Total energy,:', E_tot)
print ('Energy per hour:,', E_hour)

if f.endswith('l.csv'):

#Define the different time boundaries for non-operational hours and create new dataframe with the
time boundaries

end_time = str(input("Whatytime did the patient, program stop on,this day? Write your answer in
hours:seconds:00.000,(e.g,17:15:00.000):"))

mask = df['Time'] > end_time

new_df = df.loc[mask]

#Create a new dataframe with only the power values of the three phases (column 2, 4 and 6 of
original dataframe)

new_df2 = pd.DataFrame(data=[new_df.iloc[:,2], new_df.iloc[:,4], new_df.iloc[:,6]]).T

new_df2 = new_df2.sum(axis = 1)

#Calculate the amount of hours of the non-operational time for that specific day
time_interval = (new_df2.shape[0]*0.25)/3600

#Check whether the non-operational power data is normally distributed
sns.displot (new_df2, bins=70)

plt.show()

stats.probplot (new_df2, dist="norm", plot=plt)

plt.show()

#Perform a statistical test to reject or accept the null hypothesis that the data is normally
distributed to validate the decision
(a,b) = stats.kstest(new_df2, 'norm') #Kolmogorov-Smirnov test, because sample size > 50
print ('Statistics', a, 'p-value', b)
alpha = 0.05
if b < alpha:
print ('Theynull hypothesis can be rejected, the datais therefore not normally distributed."')
#If non-normally distributed, calculate the median and inter-quartile range
E_hour = new_df2.median()
Q1 = new_df2.quantile(0.25)
Q3 = new_df2.quantile(0.75)
igr = Q3-Q1
print ('Median(day)y:', E_hour)
print ('Interquartileyrange(day)y:',iqr)
else:
print ('Theynull hypothesis can be accepted, the data,is normally distributed."')
#If normally distributed, calculate the mean, standard deviation and standard error per day
E_hour = new_df2.mean()
standard_deviation = new_df2.std()

standard_error = standard_deviation/(math.sqrt(new_df2.shape[0])) #SE = STD/(sqrt(n)
)

print ('Average(day)y:', E_hour)

print ('STD(day).:', standard_deviation) #standard error meetinstrument nog verrekenen

print ('SE(day).: "', standard_error) #standard error meetinstrument nog verrekenen
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E.2. Energy analysis of power modes 48

#Calculate the energy consumption by using the Trapezoidal rule to compute the area under the curve

El
E2
E3

(AUC) for every phase
scipy.integrate.trapezoid(new_df['Current A Avg'], dx=(0.25/3600))
scipy.integrate.trapezoid(new_df['Current B Avg'], dx=(0.25/3600))
scipy.integrate.trapezoid(new_df['Current,C Avg'], dx=(0.25/3600))

E_tot = E1 + E2 + E3
print('Total energy,:', E_tot)
print ('Energy per hour: ', E_hour)

if f.endswith(('2.csv','3.csv','4.csv')):
#Define the different time boundaries for non-operational hours and create new dataframe with the

time boundaries

start_time = '07:00:00.000"'
end_time = str(input("Whatytime_ did the patient program stop on,this monday? Write your answer, ing

hours:seconds:00.000,(e.g,17:15:00.000):"))

maskl = df['Time'] < start_time
mask2 = df['Time'] > end_time

new_df1 = df.loc[mask1]

new_df2 = df.loc[mask2]
merge_dataframes = [new_dfl, new_df2]
new_df = pd.concat(merge_dataframes)

#Create a new dataframe with only the power values of the three phases (column 2, 4 and 6 of

original dataframe)

new_df2 = pd.DataFrame(data=[new_df.iloc[:,2], new_df.iloc[:,4], new_df.iloc[:,6]]).T
new_df2 = new_df2.sum(axis = 1)

#Calculate the amount of hours of the non-operational time for that specific day
time_interval = (new_df.shape[0]*0.25)/3600

#Plot the non-operational power data in a histogram to check whether the data is normally

distributed
sns.displot (new_df2, bins=70)
plt.show()
stats.probplot(new_df2, dist="norm", plot=plt)
plt.show()

#Perform a statistical test to reject or accept the null hypothesis that the data is normally

distributed to validate the decision

(a,b) = stats.kstest(new_df2, 'norm') #Kolmogorov-Smirnov test, because sample size > 50
print ('Statistics', a, 'p-value', b)
alpha = 0.05

if b < alpha:

print ('Theynull hypothesis ,can be rejected, the datais therefore not normally distributed."')
#If non-normally distributed, calculate the median and inter-quartile range

E_hour = new_df2.median()

Q1 = new_df2.quantile(0.25)

Q3 = new_df2.quantile(0.75)

igr = Q3-Q1

print ('Median(day)y:', E_hour)

print ('Interquartilegrange(day)y:',iqr)

else:

print ('Theynull hypothesis ,can be accepted, the data,is normally distributed."')

#If normally distributed, calculate the mean, standard deviation and standard error per day
E_hour = new_df2.mean()

standard_deviation = new_df2.std()

standard_error = standard_deviation/(math.sqrt(new_df2.shape[0])) #SE = STD/(sqrt(n)
)

print ('Average(day):', E_hour)

print('STD(day).:', standard_deviation) #standard error meetinstrument nog verrekenen

print ('SE(day)y: ', standard error) #standard error meetinstrument nog verrekenen

#Calculate the energy consumption by using the Trapezoidal rule to compute the area under the curve

El
E2
E3

(AUC) for every phase
scipy.integrate.trapezoid(new_df['Current A Avg'], dx=(0.25/3600))
scipy.integrate.trapezoid(new_df['Current B Avg'], dx=(0.25/3600))
scipy.integrate.trapezoid(new_df['Current C Avg'], dx=(0.25/3600))

E_tot = E1 + E2 + E3
print('Total energy,:', E_tot)
print ('Energy per hour:', E_hour)
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E.3. Energy analysis of radiopharmaceutical PET/CT procedures 49

return (new_df2, E_hour, iqr)

E.3. Energy analysis of radiopharmaceutical PET/CT procedures

import pandas as pd
from matplotlib import pyplot as plt
import scipy

def analysis_radiotracers(f, df):

(]

This function calculates the energy consumption per radiotracer procedure.

--Input--
f: file name.
df: a dataframe with the currents measured in different phases listed in columns and measured over time

--Output--
E_radiotracer_scan: The energy consumption per radiotracer procedure.
P_radiotracer: The energy consumption per hour for the radiotracer.

(]

if f.endswith(('l.csv','2.csv','3.csv','4.csv')):

#Plotting the energy measurements of the first phase
df .plot(x='Time', y='Current A Avg')
plt.title('Power measurement phase l1")
plt.ylabel('Power; (kW) ")
plt.xlabel('Time,(hh:mm:ss.ms)"')

plt.show()

#Find the correct time frame in which the PET/CT scans of the radiotracer were made

start_time = str(input("Whattime did the patient program of thisyradiotracerystart on,this day?
Writegyourpanswery,in hours:seconds:00.000,:,"))

end_time = str(input("Whatytime did,the patient program of thisgradiotracerstop on this day? Write
uyourganswerin hours:seconds:00.000,:,"))

mask = (df['Time'] >= start_time) & (df['Time'] <= end_time)

new_df = df.loc[mask]

new_df.plot(x='Time', y='Current ApAvg')
plt.ylabel ('Power; (kW) ")
plt.xlabel('Time (hh:mm:ss.ms)"')
plt.show()

#Correct the time frame based on the previous result

start_time2 = str(input("Whatytimedidthe patient program of thisyradiotracerystart on this day?,
Writeyyourpansweryin hours:seconds:00.000,:,"))

end_time2 = str(input("Whatytime did the patient program of this radiotracer stop on this day?
Writeyyourgansweryin hours:seconds:00.000,:,"))

mask2 = (df['Time'] >= start_time2) & (df['Time'] <= end_time2)

new_df2 = df.loc[mask2]

new_df2.plot(x='Time', y='Current A Avg')
plt.ylabel('Power; (kW) ")

plt.xlabel('Time (hh:mm:ss.ms) ")
plt.show()

#Calculate the energy consumption of the radiotracer procedures

E1 = scipy.integrate.trapezoid(new_df2['Current_ A Avg'], dx=(0.25/3600))
E2 = scipy.integrate.trapezoid(new_df2['Current_ B Avg'], dx=(0.25/3600))
E3 = scipy.integrate.trapezoid(new_df2['Current, C Avg'], dx=(0.25/3600))
E_radiotracer_total = E1 + E2 + E3

#Calculate the energy consumption per radiotracer procedure and per hour

Amount_scans = int(input ("How many_ radiotracer patients werescanned,during this program?,"))
E_radiotracer_scan = E_radiotracer_total/Amount_scans

print ('Energy,consumption peryradiotracer procedure;(kwh):', E_radiotracer_scan)
time_interval = (new_df2.shape[0]*0.25)/3600



E.4. Annual energy analysis

60 P_radiotracer = E_radiotracer_total/time_interval

61 print ('Energy,consumptionradiotracer per hour(kw):', P_radiotracer)

62

63 #Calculate the CT ratio per procedure

64 threshold phase = 4.2

65 CT_mask = new_df2['Current A ,Avg'] > threshold_phase

66 CT_peaks = new_df2.loc[CT_mask]

67 print (CT_peaks)

68 CT_peaks.plot(x='Time', y='Current A Avg')

69 plt.ylabel('Power; (kW) ")

70 plt.xlabel('Time,(hh:mm:ss.ms)"')

71 plt.show()

72

73 Energy CT1 = scipy.integrate.trapezoid(CT_peaks['Current A Avg'], dx=(0.25/3600))
74 Energy CT2 = scipy.integrate.trapezoid(CT_peaks['Current BuAvg'], dx=(0.25/3600))
75 Energy CT3 = scipy.integrate.trapezoid(CT_peaks['Current C Avg'], dx=(0.25/3600))
76 Energy CT = (Energy CT1 + Energy CT2 + Energy_CT3)/Amount_scans

77 print ('Energy proportion CT:', Energy_CT)

78

79 #Calculate the PET ratio per procedure

80 PET_mask = new_df2['Current A Avg'] < threshold phase

81 PET_peaks = new_df2.loc[PET_mask]

82 print (PET_peaks)

83 PET_peaks.plot(x='Time', y='Current A Avg')

84 plt.ylabel ('Power; (kW) ")

85 plt.xlabel('Time,(hh:mm:ss.ms)"')

86 plt.show()

87

88 Energy PET1 = scipy.integrate.trapezoid(PET_peaks['Current_ A Avg'], dx=(0.25/3600))
89 Energy PET2 = scipy.integrate.trapezoid(PET_peaks['Current B Avg'], dx=(0.25/3600))
90 Energy PET3 = scipy.integrate.trapezoid(PET_peaks['Current, C Avg'], dx=(0.25/3600))
91 Energy PET = (Energy PET1 + Energy_ PET2 + Energy PET3)/Amount_scans

92 print ('Energy, proportion PET:', Energy_ PET)

93

94 return(E_radiotracer_scan,P_radiotracer)

E.4. Annual energy analysis

1 import pandas as pd
import scipy

2
3
4 def analysis_annual_consumption(E_weekl, E_week2, E_week3, E_week4):
5
6

This function calculates the energy consumption on a yearly basis in the 4 different power modes for
the two defined hospitals.

8 --Input--

9 E_weekl: Energy consumption per hour for system on.

10 E_week2: Energy consumption per hour for computers off.

11 E_week3: Energy consumption per hour for software shutdown and computers off.

12 E_week4: Energy consumption per hour for energy saving mode and computers off.

13

14 —-Output--

15 E_year H1: Estimated annual energy consumption calculated per power mode for Hospital 1

16 E_year_H2: Estimated annual energy consumption calculated per power mode for Hospital 2

17

18 --Extra outputs for both hospitals--

19 E_active: Estimated annual energy consumption in active state (during scanning)

20 E_idle: Estimated annual energy consumption in idle state (inbetween patients)

21 E_inactive: Estimated annual energy consumption in inactive state (during non-operational hours)

22 e

23

24 #Fill in the energy consumption per hour for the radiotracers calculated in 'analysis_radiotracers'
manually:

25 E_Fdg = 9.358

26 E_Rb = 9.075

27 E_NaF = 9.519

28 E_Psma = 9.325
29
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E.5. Code flowchart 51

E_powermodes = [E_weekl,E_week2,E_week3,E_week4]

#Calculate the idle energy consumption
E_idle = 8.405
E_calibration_scan = 4.612

#Fill in the utilization ratio's per hospital
utilization_ratio_H1 = 0.725

utilization_ratio_H2 = 0.5

#Depending on the shifts per hospital, fill in the time interval of non-operational hours per day

time_calibration = 25/60 #07:00-07:25

time_non_H1_day = (14+14+11+11+11)/5 #2x 00:00-07:00 & 17:00-00:00 and 3x 00:00-07:00 &
20:00-00:00

time_non_H2 day = 14 #00:00-07:00 & 17:00-00:00

time_scanning H1 = 24-time_calibration-time_non H1_day
time_scanning H2 = 24-time_calibration-time_non H2_day

#Depending on the patient programs and radiotracers per hospital, fill in the ratio of scanning per
radiotracer

active H1 = wutilization ratio Hl*time_scanning H1

Fdg_H1 = 0.4*active_H1

Rb_H1 = 0.30*active_H1

NaF_H1 = 0.15%active_H1

Psma_H1 = 0.15%active_H1

idle_H1 = (1-utilization_ratio_H1)*time_scanning_ H1

Fdg_H2 = utilization_ratio_H2*time_scanning_H2

idle_H2 = (1-utilization_ratio_H1)*time_scanning_ H2

#Calculate the annual energy consumption for both hospitals described in Methods section 3.2.4
for index, i in enumerate(E_powermodes):

E_active H1 = (E_calibration_scan+(Fdg_H1*E_Fdg)+(Rb_H1*E_Rb)+(NaF_H1+*E_NaF)+(Psma_H1*E_Psma))+*5%52

E_idle_H1 = E_idle*idle_H1#*5%52

E_inactive_H1 = ((time_non_H1_day*i*5) +(2%24*%i))*52

E_year H1 = E_active H1 + E_idle_H1 + E_inactive_H1

E_active_H2 = (E_calibration_scan+(Fdg_H2*E_Fdg))*5%52

E_idle H2 = E_idle*idle_H2*5%52

E_inactive H2 = ((time_non_H2_day*i*5) +(2%24%i))*52

E_year_H2 = E_active_H2 + E_idle_H2 + E_inactive_H2

print ('Weekyno.',index+1, 'resultsy:'")

print ('Hospital, 1l total E,(kWh):', E_year_H1)

print ('Hospital,lpactive E,(kWh):', E_active_H1)
print ('Hospital1,idle E,(kwh):"', E_idle_H1)

print ('Hospital,lginactive E,(kWh):', E_inactive H1)
print ('Hospital, 2, total E,(kwh):', E_year_H2)

print ('Hospital 2 active E,(kWh):', E_active_H2)
print ('Hospital2,,idle E,(kwh):"', E_idle_H2)

print ('Hospital 2, inactive E,(kWh):', E_inactive_H2)

pass

E.5. Code flowchart
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Figure E.1: Code flowchart of the energy analysis of the PET/CT scanner.



Harmonic distortion

Table F.1: Distortion factors most important harmonics and the total harmonic distortion (THD).

H1 (fundamental) H3 H5 H7 THD factor
Week 1 Phase 1 100.00% 343%  6.72%  4.52% 0.139
Phase 2 100.00% 11.32% 12.18% 10.18% 0.318
Phase 3 100.00% 6.71%  6.95%  7.07% 0.205
Week 2 Phase 1 100.00% 298%  4.67%  1.11% 0.100
Phase 2 100.00% 9.70%  6.92%  4.62% 0.257
Phase 3 100.00% 6.90%  2.27%  3.62% 0.161
Week 3 Phase 1 100.00% 326% 7.16%  4.31% 0.141
Phase 2 100.00% 9.75%  12.09%  9.05% 0.318
Phase 3 100.00% 6.10% 6.78%  6.80% 0.207
Week 4 Phase1 100.00% 492%  534%  1.59% 0.119
Phase 2 100.00% 10.08%  9.02%  0.45% 0.277
Phase 3 100.00% 583%  231%  7.88% 0.182
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Reporting stations & desktop computers

)

Power1 DPower2 Power3 Average Time Energy in Time Energy in Time Energy in
(W) (W) (W) Power (W) window shutdown window sleeping window  system

(h) (kWh) (h) mode (kWh) (h) on (kWh)
Reporting Off 0.00 0.00 0.00 0.00 16 0.00 0 0.00 0 0.00
station Monitor 1 52.70 54.00 53.10 53.27 7 0.37 7 0.37 24 1.28
Monitor 2 111.80 116.40 113.10 113.77 7 0.80 7 0.80 24 2.73
Computeron 111.20 111.90 110.70 111.27 7 0.78 7 0.78 24 2.67
Monitor 1S 0.00 0.00 0.00 0.00 1 0.00 17 0.00 0 0.00
Monitor 2 S 19.20 18.6 14.50 18.30 1 0.02 17 0.31 0 0.00
ComputerS  4.50 2.60 0.00 2.37 1 0.00 17 0.04 0 0.00
Total 20.67 278.30 1.97 8 2.30 6.68
Desktop PC  Off 0.00 0.00 0.00 0.00 16 0.00 0 0.00 0 0.00
Monitor 13.60 19.30 20.70 17.87 7 0.13 7 0.13 24 0.43
Computer 43.30 48.80 34.40 42.17 7 0.30 7 0.30 24 1.01
Monitor S 0.00 0.00 0.10 0.03 1 0.00 17 0.00 0 0.00
ComputerS  0.00 0.00 0.00 0.00 1 0.00 17 0.00 0 0.00

Total 60.03 0.42 0.42 1.44
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Figure H.1: Example normality histogram distribution for day 1 (Monday) in week 1.

Probability Plot

[
Theoretical I quantiles

Figure H.2: Example robability plot for normality distribution for day 1 (Monday) in week 1.
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Waste audit results



Table L.1: Inventory disposables per ['8F]FDG procedure with the individual weights and environmental impacts according to the current waste disposal method.

Consumable Consumable Amount Weight (kg) Waste stream Waste disposal Emission Environmental
vs. packaging per factors waste disposal
procedure [62] (kg CO2-eq)
Per procedure
Venflon neeldle Needle 1 0.003 Regulated medical waste Incineration 1.389 0.0042
Plastic packaging 1 0.001 Residual waste Incineration 0.407 0.0004
Paper packaging 1 0.0005 Residual waste Incineration 0.407 0.0002
Gloves 6 0.024 Residual waste Incineration 0.407 0.0098
NaCL syringe Syringe 1 0.011 Residual waste Incineration 0.407 0.0045
Plastic packaging 1 0.0003 Residual waste Incineration 0.407 0.0001
Three-way valve Three-way valve 1 0.005 Residual waste Incineration 0.407 0.0020
Plastic packaging 1 0.001 Residual waste Incineration 0.407 0.0004
Paper packaging 1 0.001 Residual waste Incineration 0.407 0.0004
Infusion sticker 1 0.005 Residual waste Incineration 0.407 0.0020
Glucose needle 1 0.004 Regulated medical waste Incineration 1.389 0.0056
Glucose strip 1 0 Residual waste Incineration 0.407 0.0000
Absorbant pad 1 0.067 Residual waste Incineration 0.407 0.0273
NaCL infusion bag Infusion bag 1 0.022 Residual waste Incineration 1.389 0.0505
Plastic packaging 1 0.002 Residual waste Incineration 0.407 0.0505
Deflux tube Tube 1 0.04 Residual waste Incineration 0.407 0.0163
Plastic packaging 1 0.002 Residual waste Incineration 0.407 0.0008
Paper packaging 1 0.001 Residual waste Incineration 0.407 0.0004
Syringe radioactivity =~ Tube 1 0.019 Residual waste Incineration 0.407 0.0077
Plastic packaging 1 0.002 Residual waste Incineration 0.407 0.0008
Paper packaging 1 0.001 Residual waste Incineration 0.407 0.0004
Gauze 5 0.001 Residual waste Incineration 0.407 0.0004
Paper cover 1 0.005 Paper and cardboard Recycling -0.400 -0.0020
Per batch
NaCL infusion bag 1 0.022 Residual waste Incineration 0.407 0.0505
Plastic packaging 1 0.002 Residual waste Incineration 0.407 0.0008
Karl set 1 0.0142 Residual waste Incineration 0.407 0.0058
Plastic packaging 1 0.002 Residual waste Incineration 0.407 0.0008
Total 0.26 0.11

LS



Table L.2: Inventory disposables per ['®F]FDG procedure with the individual weights and environmental impacts according to waste disposal with a plastics and drinking cartons waste stream.

Consumable Consumable Amount Weight (kg) Waste stream Waste disposal Emission Environmental
vs. packaging per factors waste disposal
procedure [62] (kg CO2-eq)
Per procedure
Venflon neeldle Needle 1 0.003 Regulated medical waste Incineration 1.389 0.0042
Plastic packaging 1 0.001 PD Open-loop recycling  -0.780 -0.0008
Paper packaging 1 0.0005 Paper and cardboard Closed-loop recycling  -0.400 -0.0002
Gloves 6 0.024 Residual waste Incineration 0.407 0.0098
NaCL syringe Syringe 1 0.011 Residual waste Incineration 0.407 0.0045
Plastic packaging 1 0.0003 PD Open-loop recycling  -0.780 -0.0002
Three-way valve Three-way valve 1 0.005 Regulated medical waste Incineration 1.389 0.0069
Plastic packaging 1 0.001 PD Open-loop recycling  -0.780 -0.0008
Paper packaging 1 0.001 Paper and cardboard Closed-loop recycling  -0.400 -0.0004
Infusion sticker 1 0.005 Residual waste Incineration 0.407 0.0020
Glucose needle 1 0.004 Regulated medical waste Incineration 1.389 0.0056
Glucose strip 1 0 Residual waste Incineration 0.407 0.0000
Absorbant pad 1 0.067 Residual waste Incineration 0.407 0.0273
NaCL infusion bag Infusion bag 1 0.022 PD Open-loop recycling  -0.780 -0.0172
Plastic packaging 1 0.002 PD Open-loop recycling  -0.780 -0.0016
Deflux tube Tube 1 0.04 Regulated medical waste Incineration 1.389 0.0556
Plastic packaging 1 0.002 PD Open-loop recycling  -0.780 -0.0016
Paper packaging 1 0.001 Paper and cardboard Closed-loop recycling -0.400 -0.0004
Syringe Tube 1 0.019 Regulated medical waste Incineration 1.389 0.0264
radioactivity Plastic packaging 1 0.002 PD Open-loop recycling  -0.780 -0.0016
Gauze 5 0.001 Residual waste Incineration 0.407 0.0004
Paper cover 1 0.005 Paper and cardboard Recycling -0.400 -0.0020
Per Batch
NaCL infusion bag Infusion bag 1 0.022 PD Open-loop recycling  -0.780 -0.0172
Plastic packaging 1 0.002 PD Open-loop recycling  -0.780 -0.0016
Karl set 1 0.0142 Residual waste Incineration 0.407 0.0058
Plastic packaging 1 0.002 PD Open-loop recycling  -0.780 -0.0016
Total 0.47 0.04
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Wel bij het PD (Plastic en Drankenkartons)

Toelichting op bovenstaande :
e Plastic verpakkingen en lege drankenkartons
e T.a.v. infuuszakken alleen lege_NaCl-zakken

Niet bij het PD

Toelichting op bovenstaande:
e Geen harde kunststoffen
e Geen flesjes die nog gevuld zijn met medicijnen of gevaarlijke stoffen

e Geen papier van steriele verpakkingen /\
S/
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Radioactivity [®F]FDG production results

Table J.1: Radioactivity calculation for a ["*F]FDG morning program of 9 patients at the Alrijne Hospital.

Parameter Scan starttime (hh:mm) Time difference with 07:15 (min) Radioactivity (MBq)
Per kg for a (F18)FDG patient 1.5
Average (F18)FDG patient of 78.7 kg 7:15 118.1
Patient 1 8:40 85 201.9
Patient 2 9:10 115 2440
Patient 3 9:40 145 294.9
Patient 4 10:00 165 334.6
Patient 5 10:20 185 379.7
Patient 6 10:40 205 430.8
Patient 7 11:00 225 488.8
Patient 8 11:20 245 554.5
Patient 9 11:40 265 629.2

Total 9 patients 3558.4




Table J.2: Radioactivity calculation ratio Alrijne of the total ['*F]FDG End of beam (EOB) production.

Phase Time Time difference = Radioactivity = Energy consumption
(hh:mm:ss) with EOB (min) (MBq) (kWh)

EOB production cyclotron total 4:00:00 300000 150

EOB production for the Alrijne Hospital 4:00:00 0 21519.2 10.8

Start of transport Alrijne Hospital 5:30:00 90 12190.3

Arrival at Nuclear Medicine department Alrijne Hospital = 7:15:00 195 3558.4

Energy consumption per [®F]FDG scan 395.4 1.20

Table J.3: Energy consumption of different states or subsystems of the Siemens Eclipse HP cyclotron.

Parameter

Energy consumption per parameter

Total energy consumption in running state
Stand-by energy consumption

Final beam power energy

Final proton energy

Ion sources

Radiofrequency (RF) coils to push beam load
Oil diffusion pumps

Mechanical pumps

Water cooling pumps

RF system

Magnets

50 kW
6,8 kW
1,5 kW
11 MeV
1 kW
1,5 kW
1450 W
1 kW
2,2 kW
30 kW
5,5 kW

19
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Abstract:

In the last few years, there has been an increasing recognition of the impact of the
healthcare industry on climate change and vice versa. The environmental impact
of medical imaging in particular has been studied in various ways. The present
study aims to review life-cycle analyses performed within medical imaging.
Studies were selected if they assessed the environmental impact of medical
imaging devices or procedures in a hospital. 15 studies were included and their
results implied that most research has been conducted on analyzing the energy
usage of equipment. Computed Tomography (CT) and Magnetic Resonance
Imaging (MRI) were most often researched for various applications. None of the
included studies performed a full life-cycle analysis (LCA) and especially more
research on the manufacturing of equipment, minerals extraction, transport and
end-of-life treatment was needed. This review found that the major environmental
hotspots for the radiology department were the energy use of the equipment in
idle state, but also the reporting stations were found to be notable consumers. For
the interventional radiology (IR) department, the heating, ventilation and air-
conditioning (HVAC) was the biggest energy consumer to maintain the
temperature and humidity of the IR rooms. In conclusion, future research should
focus on performing more complete LCA’s and especially also for the nuclear
medicine department. The next step is determining solutions to reduce the total
environmental impact of these departments by targeting the carbon hotspots.

Keywords: ‘Carbon Footprint’; ‘Environmental impact’; ‘Greenhouse gasses’; ‘Life
cycle assessment’; ‘Energy analysis’; ‘Waste analysis’; ‘Medical imaging’;
‘Radiology” and ‘Nuclear Medicine’.

1. Introduction

Global warming is proven to have a major impact on the human health (1) (2). In the absence of resilient
countermeasures, this impact is anticipated to become more and more apparent . On the contrary,
human activities also greatly contribute to global warming. Human activities have precipitated a 10%
increase in the atmospheric CO: concentration over the last 15 years (3). Next to CO: emission,
emissions of other Greenhouse gasses (GHG), such as methane and nitrous oxide, occur during these
activities. Healthcare-related emissions are found to be a significant part of national GHG emissions,
ranging from 2-10% (4-6). Globally, hospitals have been performing research about their
environmental footprint and over the last decade the amount of research has grown tremendously.
For instance, research has been done for the operating room, obstetrics, orthopedics, nephrology,




anesthesiology, urology and radiology (7-10). Tackling certain hotspots within the healthcare sector
can have a huge impact on climate change mitigation efforts.

Medical imaging is established to be a significant contributor to the GHG emission of hospitals (11).
Diagnostic imaging is performed with high-tech and energy-intense medical equipment. In addition,
the material resource usage and energy use for manufacturing are presumed to be high (12). Imaging
techniques make intensive use of resources as water, fossil fuels and helium. However, these are finite
resources and subject to depletion (13,14). Kouropoulos et al. predicted with a mathematical model
and statistical data of 120 countries that the CO: emission of Computed Tomography (CT) and
Magnetic Resonance Imaging (MRI) scanners corresponds to 0.77% of global CO:z emissions. Another
finding was the yearly increasing CO: emission of these scanners of around 4.7% due to increased
complexity of the technology (15). This research did not include other imaging modalities, and
therefore the contribution of diagnostic imaging is assumed to be at . Next to predictive models, more
and more research has been performed on actually measuring the environmental impact.

A life-cycle assessment (LCA) is an internationally established method to quantify the environmental
impact of a device or procedure throughout its life cycle. Thereby, it is the most used method in the
sustainable health sector (16). Included in the assessment are the extraction of raw materials,
manufacturing, use, waste disposal and transportation between these aforementioned phases (17,18).
The LCA framework consists of 3 phases, namely the goal and scope definition, the Life Cycle Inventory
(LCI) and the impact assessment phase. In the first phase, the goal of the research is defined and it is
determined what LCA stages are included in the research and what type of functional unit will be used.
A LCI is performed afterwards to gather data about sources of emissions per LCA stage and per
product. This entails the use of databases that contain specific information about emissions of all type
of materials, procedures and systems. Lastly, the impact assessment is conducted to calculate the
environmental impact in the functional unit that is defined in the first phase (18). Guidelines on
performing a LCA have been established by the International Organization for Standardization, namely
ISO 14040 and 14044 (19,20). Despite the ISO standards, researchers have to define the LCA framework
themselves. In addition, not every research takes every LCA stage into account. Therefore, there are
different ways of interpreting the LCA guidelines, also regarding LCA research within the field of
medical imaging. Moreover, there is yet no complete overview of previously conducted research on the
environmental impact within medical imaging.

This systematic review analyzes the various LCA methodologies applied in the field of medical imaging.
This can help future LCA research within the same field to set-up study boundaries and a LCA
framework. The second objective is to review the current research on the environmental impacts of
imaging devices and procedures. Such an overview would give healthcare providers an improved
understanding and might include sustainability into clinical decision-making while maintaining high
quality patient care. In addition, it can also play an important role in the policy-making and
procurement of departments.

2. Methods

2.1 Search strategy

A systematic literature search was conducted in March 2023 according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (21). The PubMed, Embase, Scopus
and Web of Science databases were searched for relevant studies. Studies focused on the sustainability
of medical imaging devices and procedures were targeted. Keywords that were incorporated in the
search strategy were ‘Carbon Footprint’; ‘Environmental impact’; ‘Greenhouse gasses’; ‘Life cycle
assessment’; ‘Energy analysis’; “Waste analysis’; ‘Medical imaging’; ‘Radiology” and ‘Nuclear medicine’.
Medical Subject Headings (MeSH) terms related to these keywords were also applied to incorporate a
broader range of articles. The search term of PubMed is shown in Appendix A. The search terms for the



other databases were similar in structure, but adapted according to the databases’ search term
requirements. Thereafter, manual citation tracking was performed in order to find additional articles
with relevant information.

2.2 Selection criteria

Studies from the search strategy were searched for duplicates which were subsequently removed. The
remaining articles were screened on title and abstract for eligibility. After this first exclusion of articles,
full-text assessment was performed. In order to qualify for inclusion, a study had to fulfill all of the
following inclusion criteria:

- Assessment of the environmental impact explaining their methodology and functional units;
- Performed at a medical imaging department in a hospital;
- Analyzing at least one medical imaging device or procedure

In addition, articles were considered irrelevant if one or more of the following exclusion criteria was

applicable:

- Written in a foreign language (non-English);
- No full-text available;

- Animal studies;

- Case reports, editorials, and design papers.

2.3 Outcome measures

The methodology that was used for the assessment of the environmental impact was taken as a primary
outcome. In particular, the included LCA stages, the used functional unit(s) and the used databases and
software were extracted. As a secondary outcome, the results on the environmental impacts of the
medical imaging devices or processes were presented and segregated per LCA stage.

3. Results
3.1 Study selection

The search strategies identified 619 studies and after duplication tracking, screening rounds (title,
abstract and full-text) and citation tracking, a total of 15 studies were found eligible. The PRISMA flow
diagram of this study selection is shown in Appendix B. The baseline characteristics of the included
studies are depicted in Table 1. The included studies were mostly observational studies, with the
exception of 1 expert opinion review. The latter was disregarded for the first objective of this systematic
review since no methodology was utilized, but included for the second objective. For the observational
studies, both retrospective and prospective studies were found and 1 conference paper was included.

3.2 LCA methodologies

Methodologies varied between the studies and two main types of methodologies were found. The first
and most prominent method was the process-based method and is used in most studies (22-29). Every
LCA stage was seen as a process and data were collected about the inputs, outputs and emissions. It is
a resource-intensive method since data need to be manually collected. Defining clear study boundaries
is therefore essential for this method. The second methodology that came forward was the extended
input-output model. It estimated the carbon footprint of a unit of interest based on its cost-streams. This
methodology relied on the assumption that items or processes with higher costs require more resources
and therefore result in greater GHG emissions. Costs streams were analyzed and no further data
collection was performed of the exact processes. Due to the lack of specificity and detailed data, this



method is unsuitable for comparing carbon footprints of products. It is mostly used for the identification
of hotspots. This methodology was used in hybrid form with the process-based methodology in two
studies (28) (30). Other methodology findings are shown in Table 2. Further description of interesting
findings are elaborated per LCA stage below.

3.2.1 Raw material extraction

The raw materials that were researched could be divided into two subcategories; the extraction of
minerals and the extraction of fossil fuels. The LCA analysis of fossil fuel extraction was mainly focused
on the fossil fuels that were necessary for electricity generation (22-24,29). During electrical power
generation, there were transmission losses in energy. Esmaeili et al. (2015) found that per 1 kWh of
energy consumption, a multiplication factor of 3.44 needs to be applied to account for the fossil fuel
extraction and transmission losses (23). Only 1 study also investigated the impact of mineral extraction,
but compared to fossil fuel extraction this impact was negligible for both MRI, US and SPECT (27). No
findings were found for water use, land use and biodiversity loss that is associated with extraction
processes.

3.2.2 Manufacturing

The manufacturing and assembly process of devices or consumables has an environmental impact on
various levels: energy consumption, waste generation, GHG emissions and water pollution. Most of the
studies focused on the manufacturing of consumables (22-26,28). The amount of consumables, medical
textiles and/or cleaning products were counted and weighed per procedure. The material composition
of each consumable was often established by reviewing the manufacturer’s specifications. The
environmental impact per manufacturing process can be determined by the use of certain LCI
databases, which are elaborated in section 3.3. Research of Martin et al. also estimated the environmental
impact of the manufacturing process of CT, MRI and US devices. An economic input-output LCA was
used to estimate energy consumption, resource utilization, and GHG emissions generated during the
manufacturing process. The information about the manufacturing of equipment was omitted in other
studies. On the other hand, Sanchez-Barroso et al. did perform research on the manufacturing of
radiation shielding walls (29) .

3.2.3 Transport

The transportation of materials, equipment, but also patients and staff contributes to the environmental
impact. The studies that included transport in their LCA mostly focused on the travelling of patients
and staff (25,28,29). Leapman et al. estimated an average distance of 25 km for patients and staff to travel
to the hospital and also Chua et al. made an estimation (25,28). Chua et al. also included the transport
of single-use equipment used in IR procedures based on an input-output LCA. Sanchez-Barosso et al.
did investigate and include the transport of the shielding materials to the hospital (29).

3.2.4 Use

The environmental impact of the use phase was most researched in this study selection. Notably, the
use of the imaging equipment was often studied. A total of 5 studies measured the energy use of CT
scanners (23,26,30-32). In fact, also 5 studies measured the energy consumption of MRI scanners
(22,25,26,30,31). Whereas for US systems, it was investigated by only 2 studies (26,30). Likewise, 2
studies investigated energy use for X-ray scanners (24,26). The energy consumption of imaging
equipment during IR procedures was determined by Chua et al. (28). Most studies investigated the
energy consumption of imaging equipment or reporting stations by performing real-time power
measurements with temporarily installed power cell meters (22-24,26,31-34). In contrast, other studies
estimated energy consumption based on retrospective data, published data or the manufacturers’
specifications (25,27,30,33,35). Some studies performed these energy measurements in different device
modes, namely active exposure, standby, idle and off-system (23,24,31,32). All studies took the duration



of the measurements into account by performing either time measurements or reviewing scheduling
records. Some studies extrapolated the calculated energy use to the total annual energy consumption
(31,33,34) and some measured the energy use per mode (32) or per scan (22-24).

Secondly, the energy consumption of other equipment was measured in some studies. Research of
McCarthy et al. and Hainc et al. was focused on measuring the energy consumption of the reporting
stations and/or desktop computers (33,34). McCarthy et al. especially researched energy savings during
off-hours. The majority (25 of 27) reporting stations were left on during off-hours and needlessly
consumed 47,490 kWh over a year (33). These devices are notable energy consumers, even in inactive
state. Heye et al. also performed real-time power measurements for ancillary cooling systems of CT and
MRI scanners (31). The other studies estimated the energy consumption of e.g. contrast injection
systems, reporting stations, cassette readers based on technical manuals (22-24,26). Other important
energy consumers that were researched were Heating, Ventilation and Air-Conditioning (HVAC)
systems and the lighting (22,24,25,28,30). In order to determine the energy consumption of HVAC and
lighting, manuals and specifications were mostly advised and sometimes a simulation of the HVAC
system was performed. In contrast to aforementioned studies, Martin et al. also incorporated the lead
and copper shielding for CT and MRI rooms and Helium usage for MRI in the LCA analysis of the use
phase (30). The use of associated contrast fluids and pharmaceuticals was omitted in all studies.

Reporting stations and desktop computers at medical imaging departments are notable energy
consumers, despite being frequently disregarded.

3.2.5 Waste disposal

A few studies collected the consumables and medical textiles per procedure and studied the end-of-life
treatment (1,25,27,28). Examples of end-of-life treatments are landfill, autoclaving, recycling, drainage,
laundering, sterilization and incineration. Chua et al. investigated the waste disposal of consumables of
IR procedures after firstly categorizing the types of waste into sharps, biohazard and municipal waste.
Sharps were autoclaved, shredded and afterwards sent to a landfill. Municipal waste was directly sent
to landfill and biohazard waste was firstly autoclaved after which landfill followed. Lastly, medical
textiles were sent for laundering and the lifespan was estimated to be 20 uses (28). Shum et al. similarly
sent municipal waste directly to landfill, however the end-of-life treatment of biohazard waste was
mostly incineration (36). The end-of-life treatment of the imaging equipment was not considered in any
of the included studies.

3.3 Databases and software

To perform a LCI, different databases can be consulted for information about the environmental impact
of various materials and processes. The LCI database Ecoinvent (Ecoinvent, Switzerland) was most
commonly used (25-29). Leapman et al. used the Chemical Life Cycle Collaborative tool to assess the
impact of chemicals and reagents that could not be found in Ecoinvent (25). Two included studies
estimated energy consumption data about the HVAC of imaging departments by making use of the
TRACE™ 700 software (Trane Technologies, Ireland) (22,24). This is a building simulation software that
supports different HVAC systems and takes into account weather data and building geometry to
estimate the energy use of HVAC.

The environmental impact can be determined by utilizing impact assessment software tools to convert
the collected data to a reference unit measure. Not only the impact on climate change can be calculated,
but also the effects on human health, the ecosystem, air quality and resource depletion. In several
included studies, the impact assessment was computed by the use of the SimaPro software (Project
Ecology Consultants, the Netherlands) (25-30). Furthermore, the Tool for Reduction and Assessment of
Chemicals and Other Environmental Impacts (TRACI) software (Environmental Protection Agency,
USA) was used to generate environmental impacts of chemicals throughout their life cycle (25,30).
Moreover, other studies used the ReCiPe model, developed by the European Commission’s Joint



Research Centre for their impact assessment (26,29). This model reduced 18 impact categories to 3
endpoints; human toxicity, impact on ecosystem and resource use. The conversion of GHG emissions
into tangible units was calculated with the GHG equivalencies calculator (Environmental Protection
Agency, USA) (25,30).



Table 1. Baseline characteristics of included studies.

Abbreviations: P: prospective study; R: retrospective study; USA: United States of America; MRI: Magnetic Resonance Imaging; CT: Computed Tomography; IR: Interventional Radiology; US: Ultrasound; T: Tesla; NR:

Not reported; NA: Not applicable.

First author (year of . Imaging
1 D Vi *
publication) Journa Study design Country epartment device/procedure endor
Brown et al. (2022) (32) Canac.han ASS?Clatlon of P Canada Radiology CT Siemens
Radiologists’ Journal
1 of Health ices R h E Healthcare;
Esmaeili ctal. (2015) (23~ 1oumal of Health Services Research & P/R USA Radiology cT GE Healtheare;
Policy Philips
itzerl
Heye et al. (2020) (31) Radiology P SWItzer an Radiology CT; MRI Siemens
1 of the Ameri 11 f E Healthcare;
Martin et al. (2018) (30) Journal of the American College o R USA Radiology CT; MRI; US GE Healthcare;
Radiology Philips
McAlister et al. (2022) (26) The Lancet Regional Health P Australia Radiology CT; MRI; US; X-ray; NR
I ional 1 of Health
Esmaeili et al. (2018) (22) nternational Journal of Healthcare P/R USA Radiology MRI Siemens
Quality Assurance
Leapman et al. (2022) (25) European Association of Urology P/R USA Radiology MRI Siemens
Radiol 1
Marwick et al. (2011) (27) Heart R USA adiology & Nuclear MRI; US; SPECT Siemens
Medicine
E Healthcare;
Esmaeili et al. (2011) (24) NA P/R USA Radiology X-ray GE Healthcare;
Philips
Chua et al (2021) (28) Journal of Vascula.r and Interventional P/R USA Intervlentlonal IR procedures NA
Radiology radiology
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Shum et al. (2020) (36) Journal of Neurointerventional Surgery P Australia ni:;’izrlfg;a IR procedures NA
hez-B 1. (2021
Sanchez arl(‘;);)o etal. (2021) Journal of Building Engineering P Spain Radiology Radiation shielding NA
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R ti tati ¥
McCarthy et al. (2014) (33) Academic Radiology P/R Ireland Radiology eporting statons NA
desktop computers
Picano et al. (2023) (37) Journal of Clinical Medicine Expert opinion Italy Radiology NA NA

*The specification for the imaging devices are listed in Appendix C.




Table 2. Study assessment characteristics

Abbreviations: MRI: Magnetic Resonance Imaging; CT: Computed Tomography; IR: Interventional radiology; US: Ultrasound; SPECT: single-photon emission computerized tomography; NA: Not applicable; LCA: Life
cycle analysis; LCI: Life cycle inventory; GHG: Greenhouse gas; CO2e: Carbon dioxide equivalent; NRE: natural resource energy; DALY: disability-adjusted life years; PDF: potentially displaced fraction; kg: kilograms;
AUD: Australian dollars; kWh: kiloWatt hour.
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of publication) imaging scan assessment evaluated
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Raw material o . S
. . Estimations of energy consumption other Total energy consumption in
Esmaeili et al. . extraction . .
CT Various LCA . equipment based on manuals kWh/scan; Energy consumption of
(2015) (23) Manufacturing . o . .
Evaluation and weighing of consumables different modes in kWh
Use .
Conversion to NRE
Real-time energy measurements (scanners,
Heye et al. (2020) ) . . cooling systems) Total annual energy consumption in
(31) CTMRI Various Energy analysis Use o Different activity states evaluated via log kWh;
files
e Estimations of energy consumption based on
Martin et al Manufacturin specifications and published data GHG emission in CO2e kg/scan;
(2018) (30) ' CT; MRL; US  Abdominal LCA Use 8 e  Evaluation of the impact of production, Energy consumption of production
HVAUC, shielding materials and helium and use in MJ/scan
usage based on manuals and published data
. . e ) ®  Real-time energy measurements
McAlister etal. - CT; MRT; US; Chest LCA Manufacturing e  Weighing and LCA evaluation of GHG emission in CO2e kg/scan
(2022) (26) X-ray Use
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Raw material N R.eal—tlme energy measurements Carbon footprint in CO2e/patient;
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consumables
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Raw mat.erlal (scanners, HVAC, lighting) based on
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P ’ MRI Prostate LCA 8 e Evaluation of materials and production by GHG emission in CO2e in kg/scan
(2022) (25) Transport .
using a LCI
Use L .
. Estimation of patient and staff travels
Waste disposal

Evaluation of end-of-life treatment
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3.4 The environmental impact

The study selection encompassed LCA research of a wide variety of devices and procedures. For the
studies that measured the environmental impact of imaging devices per scan, the results are displayed
in Figure 1. All functional units were converted to COz-equivalent (CO2¢e) measured in kg/scan with the
use of the EPA Greenhouse Gas translator (38). The exact results are displayed in Appendix D.
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Figure 1. Carbon footprint results (22-27,30,31)
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Figure 1 depicts the discernible disparity in the number of studies for the different modalities. Most
research was conducted on CT and MRI. SPECT was only investigated in 1 study and solely within the
context of 1 of the LCA stages, namely fossil fuel extraction. In fact, none of the included studies
encompassed all 5 LCA stages into their analysis.

Esmaeili et al. (2015) performed a LCA for CT scanners and reported that the life-cycle energy
consumption was ranging from 24-34 kWh/scan. The biggest energy consumption was in idle state, this
is the inactive state of the scanner when there is no patient in the room (23). Research of Martin et al.
and McAlister et al. compared CT, MRI and US. Both studies found a moderate COze emission of CT
(6.61-9.2 kg/scan), while MRI showed high results (17.5-19.72 kg/scan) and US very low results (0.5-1.15
kg/scan). The biggest contributing factor was the electricity usage (26,30). McAlister et al. also found
very low COze emissions for chest X-ray imaging (0.8 kg/scan). These results agreed with research of
Esmaeili et al. (2011) who found very low COze emissions and energy consumption numbers for 2 types
of X-ray devices. Similar research on the energy consumption was performed by Heye et al. for CT, MRI
and ancillary cooling equipment. The net consumption of MRI was significantly higher (134,037
kWh/yr) than CT (26,226 kWh/yr), while cooling systems consumed even more (492,624 kWh/yr) (31).
The study of Leapman et al. analyzed a multiparametric MRI for prostate imaging and showed a total
of 42.7 kg CO2e emission. It was mainly due to large energy consumption, staff travel and supply
production (25). Esmaeili et al. (2018) agreed on the fact that energy consumption of the MRI scanner
was the largest contributor and showed that 62% of the total life-cycle energy was consumed in idle
state (22). Marwick et al. showed there was a clear difference in environmental impact between
cardiovascular US, MRI and SPECT where MRI caused significantly more health and environmental
damage than SPECT and US (27). According to the expert-opinion of Picano et al. that was based on
converging literature results, MRI has the greatest environmental impact after which CT follows and
thereafter US. Environmental studies on PET imaging are lacking, and those available for SPECT are
relatively outdated, precluding any statement regarding their environmental impact (37).

Some studies did not investigate the environmental impact per scan of a medical imaging device or
procedure and were therefore omitted in Figure 1. Energy savings for CT scanners were analyzed in
research of Brown et al. It was shown that the scanner saved 14,180 kWh/yr when put in off-system
during off-hours which is a 82% reduction compared to on-system (32). Turning off reporting stations
also saves a significant amount of energy, since around 29 to 32 reporting stations in a radiology
department consumed 47,490 to 53,170 kWh over the course of a year (33,34). At the IR department, a
lot of waste is generated because of multiple short interventions per day. Two included studies
performed a waste audit at the IR department and both showed an average amount of waste of 8
kg/procedure (28,36). The incineration of the big amount of biohazard clinical waste had a big
environmental impact. However, the largest source of emissions was found to be the energy and gas
use for the HVAC, of which 57% occurred when the IR rooms were unoccupied (28). Lastly, Sanchez-
Barroso researched different radiation shielding materials with an LCA. Sprayed concrete was proven
to be the most environmentally friendly, after which reinforced concrete followed. The shielding system
rolled steel (brick walls with a steel sheet in between) appeared to be the most unfavorable regarding
its human toxicity, environmental toxicity and its contribution to metal depletion. In comparison to
sprayed concrete, rolled steel scored approximately 12x higher on human toxicity, 13x higher on
environmental toxicity and it had a 24x higher contribution to metal depletion. (29).

4. Discussion
The environmental impacts of various devices and processes in medical imaging were explored in

literature. To our knowledge, this is the first systematic review that outlined the LCA methodologies
that were applied in the field of medical imaging. Various LCA stages were incorporated for further



analysis of the environmental impact. The majority of the studies analyzed the energy consumption
pertaining to imaging equipment, ancillary devices, HVAC and lighting. The manufacturing processes
of consumables and impact of fossil fuel extraction were also commonly researched. In contrast, the
manufacturing for the imaging equipment was often omitted in the LCA. McAlister et al. mentioned
that the main reason for this was the lack of detailed manufacturer’s data about the weights and
composition of all components (26). Moreover, transport for as well consumables as equipment was
often omitted. Also, there was limited to no data for water use, land use, minerals extraction, the impact
of (radio)pharmaceuticals and contrast fluids and the waste disposal of consumables and equipment.
Future research needs to be focused on filling these gaps in LCA research within medical imaging.

In research of Picano et al,, it is stated that it is plausible to conclude that MRI has a bigger environmental
impact, followed by CT and then US (37). This is in agreement with the results that are shown in Figure
1 and could be explained by the high energy usage of MRI equipment. Energy usage results for all
modalities were calculated in CO2 equivalent and resulted in CT: 0.53-8.1 kg/scan, MRI: 7.4-21.1
kg/scan, US: 0.42-0.46 kg/scan, X-ray: 0.02-0.2 kg/scan. However, the paucity of published data and the
heterogeneity in methodologies, study boundaries, time windows and reporting of results limits the
credibility of this comparison. This shows that there is no standardized method yet on how to perform
a LCA in the medical world. The studies that corresponded in their methodology were conducted by
the same research group of Esmaeili (22-24). Other important factors also contributed to the
heterogeneity of the included studies. At first, there is a difference between utilization rates of imaging
devices between hospitals. The calculation of the environmental impact is dependent on the utilization
rate of the scanner, namely it decreases with an increased utilization rate. With a higher utilization ratio,
more patients are scanned in the same time period and therefore the energy efficiency is because the
scanner is less in idle state. Since different hospitals have different utilization rates, the environmental
impact also differs although it can be the same scanner. Secondly, scanners from different vendors were
analyzed throughout the studies. Scanners from different vendors have alternating electricity
consumptions, scanning times and different settings. Also the age of a scanner plays an important role,
with newer scanners usually being more energy-efficient because of technological improvements (31).
Technological improvements could be e.g. detectors that need less cooling or detector systems that are
larger such that scanning can be conducted faster and less energy is consumed during scanning. Higher
quality detectors also need less contrast fluids which is advantageous for the environmental toxicity
(39,40). In addition, reduction in Helium usage for MRI cooling systems is also a technological
improvement that attributes to a decreasing environmental impact of MRI systems (14).

Energy measurements were performed for imaging devices and reporting stations in several studies.
Remarkably, Heye et al. showed lower energy consumption results for CT and MRI in comparison to
the other studies (31). However, in this study .different types of CT and MRI scanners were investigated
and the average was taken. More energy-efficient devices could therefore lower the mean value. In
addition, a broad variety in body regions was analyzed for as well CT as MRI. The durations of those
type of scans show big discrepancies and thus also in energy consumption. Therefore, the average is not
a good representation and it should be calculated per type of scan, like Martin et al. did for abdominal
scans and McAlister et al. for chest scans (26,30). Another important discussion point for the energy
measurements is that the electricity grid mix is very country- or even region-dependent (25,27,28,30).
The energy grid is a mix of fossil fuels (such as coal, oil, or natural gas) and renewables (such as wind,
solar and hydrogen energy). Some countries have lower carbon-intensive energy sources (e.g. Sweden)
and some are more dependent on fossil fuels (e.g. Australia) (25). For the same amount of energy
consumption a variable amount of GHG is emitted and thus the environmental impact is different. To
reduce the environmental impact, the electric grid needs to incorporate more low carbon renewable
energy sources (41). It is advantageous that the prices of renewable energy source are rapidly decreasing
as well, making renewable energy also a practical choice (42). Furthermore, several processes for the
generation of electricity cost extra energy. First of all, raw materials, e.g. fossil fuels or water, need to be



extracted and thereafter these materials need to be converted into electricity. Only a limited amount of
studies incorporated this into their energy analysis (22-24).

The available data shows the high impact of the HVAC and usage of consumables in the IR department.
To maintain climate control and therefore the sterility in IR rooms, a lot of energy for the HVAC is
consumed. 57% of this energy is used outside of working hours (28). However when the IR rooms are
not used for emergency care, this might not have to be intensively controlled during off-hours. Modern
HVAC systems have adaptive feedback control systems that detect and respond to a broad range of
variables (temperature, humidity, CO2 concentration, air flow rate etc. ) and real-time adjusts the HVAC
to an optimal value. Such adaptable systems are proven to consume less energy (43). Research on the
sterility of IR rooms with such systems needs to be performed and with promising results this needs to
be implemented to decrease HVAC energy consumption at the IR. Secondly, the usage of consumables
at the IR department also showed some points for improvement. For instance, in the research of Shum
et al. there was a significant amount of unused medical equipment that was thrown away during IR
procedures because it was opened and therefore unsterile. This can be improved by changing
workflows and increasing awareness of clinicians. Procedure packs should also be reformulated so that
items that are not used regularly are removed and packaged individually for occasional use. In addition,
the end-of-life treatment of biohazard waste had a higher environmental impact than municipal waste
and therefore protocols are needed to clarify when something is considered as biohazard waste (36).

Studies that evaluated the GHG emission, as an outcome for the environmental impact, did not specify
which GHGs were incorporated in the evaluation. Besides, none of the studies assessed the impact of
contrast fluids that were used during X-ray, CT and MRI procedures. Literature already points out the
eco-toxicity for surface water of gadolinium contrast used for MRI (39,44). Other research focused on
the eco-toxicity of iodinated contrast media used for certain CT procedures. Due to unmetabolized
excretion of the human body and insufficient removal of waste-water, contrast media were released in
surface water. This is a threat to out drinking water production since contrast media have a high water-
solubility and metabolic stability and are therefore difficult to remove during purification. Solutions for
this problem could be collecting the urine of patients in urine bags and improving removal techniques
from waste-water (40). In future research, more transparency is needed about the type of GHGs that are
incorporated and the impact of contrast media needs to be taken into account for X-ray, CT and MRI
procedures.

Actions to reduce the environmental impact of hospital departments go together with the willingness
and drive of the personnel to change. Currently, the working environment in hospitals is mainly focused
on a streamlined workflow, efficiency and high quality patient care. Research of De Reeder et al. at the
IR department showed the high willingness of personnel to change towards a more sustainable
workflow, however not much action was taken because of other priorities, medical conservatism,
increased workload and the dependency on manufacturers and higher management (45). This shows
quite some hurdles that need to be bridged in order to make a change. On the other hand, it shows that
change is wanted and the awareness is growing. Not only hospitals need to change, there is also a big
responsibility of the manufacturers of medical equipment. More transparency is needed from them
about material compositions and the processes around raw material extraction, manufacturing and
transport. Manufacturers also need to incorporate the environmental impact into the costs for
equipment. Braga et al. advocates for realistic prices, also referred to as the “true costs”, for imaging
examinations taking the environmental impact on human health, medical radiation risks and
radioactive waste risks into account. Costs are an important factor in clinical decision making, since
physicians always choose the modality with the best cost-effectiveness ratio. Next to LCA research, life
cycle costing assessments can be performed to provide a cost estimation of the environmental damage
costs (46). In addition, manufacturers might focus on the modularity and durability of their scanners.



In literature, several solutions to reduce the environmental impact of medical imaging have been
investigated. Firstly, substitution of high-carbon scanning with a lower-carbon modality can have a
huge impact (47), but more research is necessary per patient condition to conclude which lower-carbon
modalities have the same clinical efficiency for each specific patient condition. Moreover, upscaling the
scanners’ utilization and lengthening the lifespan of the scanner might improve the environmental
impact. Centralization for medical imaging departments results in less scanners operating for
emergency care and therefore more scanners can be shut down in off-hours (42). Not only scanners need
to be shut down during off-hours, also reporting stations, desktop computers and ancillary equipment
of imaging devices need to be shut down to save energy (33,34). Lastly, the upcoming implementation
of artificial intelligence algorithms could result in a decrease in scanning times and therefore also reduce
energy use of scanners (42).

Future research should focus on performing more complete LCA’s and especially also for the nuclear
medicine department. Next to clinical, technical and economic reasons, the carbon costs of medical
imaging devices and processes might be important to take into account in decision-making, not
necessarily on an individual patient level, but rather on a higher management level. In addition, more
transparency is needed from manufacturers to be able to evaluate every step of the life-cycle of a device
or process. Lastly, it is crucial to obtain more detailed data on various types of scanners, different modes,
different electricity grid mixes and impact of contrast fluids and radiotracers. The next step is finding
solutions to reduce the total environmental impact of these departments by targeting the carbon
hotspots.

5. Conclusion

In conclusion, the study selection included particularly research on the energy usage of scanners and
other equipment, the manufacturing processes of consumables and impact of fossil fuel extraction. Some
other research was focused on the waste production at IR rooms and the environmental impact of the
shielding materials of imaging rooms. Most LCA research was conducted with a process-based
methodology, performing real-time measurements and converting that to the outcome measure with
the use of LCI databases and/or software. For the imaging modalities, the LCA research was mainly
focused on CT (4 studies) and MRI (5 studies). Energy usage results for all modalities were calculated
in CO2 equivalent and resulted in CT: 0.53-8.1 kg/scan, MRI: 7.4-21.1 kg/scan, US: 0.42-0.46 kg/scan, X-
ray: 0.02-0.2 kg/scan. However, because of paucity of published data and heterogeneity in
methodologies, a comparison between imaging modalities could not yet be made.
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Appendix A
Pubmed search string

(("Carbon Footprint"[mesh] OR (("Carbon'[tiab] OR "Environment*'[tiab] OR "Greenhouse gas"[tiab]) AND
"Footprint"[tiab]) OR "Greenhouse Effect"[mesh] OR "Greenhouse Gases"[mesh] OR "Greenhouse Effect"[tiab] OR
"Greenhouse gas*"[tiab] OR "Environmental Pollution"[mesh] OR "Environmental impact*'[tiab] OR "Climate
Change"[mesh] OR "Climate change"[tiab] OR "Changing climate"[tiab] OR "Environmental cost"[tiab] OR "Eco
cost"[tiab] OR "Carbon cost"[tiab] OR "Ecological cost"[tiab] OR "Environmental costs"[tiab] OR "Eco costs"[tiab]
OR "Carbon costs"[tiab] OR "Ecological costs"[tiab] OR (("CO2"[ti] OR "Carbon dioxide"[ti] OR "CO-2"[ti] OR
"Carbondioxide"[ti]) AND ("impact"[tiab] OR "equivalent"[tiab] OR "reduction"[tiab] OR "footprint"[tiab] OR
"emission*"[tiab] OR "output"[tiab])) OR "CO2-equivalent"[tiab] OR "CO2e"[tiab] OR "Global Warming
Potential"[tiab] OR "Global warming"[tiab] OR "Sustainability"[tiab] OR "Sustainab*"[tiab]) AND ((("Life
cycle"[tiab] OR "Life-cycle"[tiab] OR "Lifecycle"[tiab] OR "cycle"[tiab] OR "cradle-to-grave"[tiab]) AND
("analysis"[tiab] OR "assessment"[tiab] OR "perspective"[tiab] OR "approach"[tiab] OR "impact"[tiab] OR
"measur*"[tiab] OR "inventory"[tiab] OR "evaluation[tiab])) OR "LCA"[tiab] OR "Material flow analysis"[tiab] OR
("Waste"[tiab] AND ("analysis"[tiab] OR "assessment"[tiab] OR "reduction"[tiab] OR "reducing"[tiab] OR
"production’[tiab])) OR "Eco-design"[tiab] OR "assessment carbon'[title/abstract:~4] OR "assessment
c02"[title/abstract:~4]) AND ("Diagnostic Imaging"[mesh:noexp] OR "Molecular Imaging"[mesh] OR
"Radiography"[mesh] OR "Radionuclide Imaging"[mesh] OR "Tomography"[mesh] OR "Gamma Cameras"[mesh]
OR “Gamma camera*”[ti] OR "Nuclear Medicine"[mesh] OR "Radiology"[mesh:noexp] OR "Tomography,
Emission-Computed"[mesh] OR "Computed Tomography Angiography"[mesh] OR "Nuclear Medicine"[ti] OR
"Molecular imaging"[ti] OR "Diagnostic Imaging"[ti] OR "Radiology"[ti] OR "Imaging"[ti] OR "Computed
Tomography"[ti] OR "CT"[ti] OR "Tomography"[ti] OR "Magnetic Resonance"[ti] OR "MRI"[ti] OR "Positron
Emission Tomography Computed Tomography"[mesh] OR "Positron Emission Tomography Computed
Tomography"[ti] OR "PET/CT"[ti] OR "PET-CT"[ti] OR ("PET"[ti] AND "CT"[ti]) OR "Single Photon Emission
Computed Tomography Computed Tomography"[mesh] OR "Tomography, Emission-Computed, Single-
Photon"[mesh] OR "SPECT/CT"[ti] OR "SPECT-CT"[ti] OR "SPECT"[ti] OR "Radiopharmaceuticals"[mesh] OR
"Radiopharmaceutical*"[ti] OR "Radioactive tracer*"[ti] OR "Radioactive pharmaceutical*"[ti] OR "Radioactive
medic*"[ti] OR "lonizing radiation"[ti] OR “Ultrasound”[tiab] OR “Scintigraphy”[tiab]) NOT (("Animals"[mesh]
OR "veterinary"[ti] OR "rabbit"[ti] OR "rabbits"[ti] OR "animal"[ti] OR "animals"[ti] OR "mouse"[ti] OR "mice"[ti]
OR "rodent"[ti] OR "rodents"[ti] OR "rat"[ti] OR "rats"[ti] OR "pig"[ti] OR "pigs"[ti] OR "porcine"[ti] OR "horse"[ti]
OR "horses"[ti] OR "equine"[ti] OR "cow"[ti] OR "cows"[ti] OR "bovine"[ti] OR "goat"[ti] OR "goats"[ti] OR
"sheep"[ti] OR "ovine"[ti] OR "canine"[ti] OR "dog"[ti] OR "dogs"[ti] OR "feline"[ti] OR "cat"[ti] OR "cats"[ti] OR
"fish"[ti] OR "fishes"[ti]) NOT "Humans"[mesh]))
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Figure 2. PRISMA flow chart
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Appendix C

Table 3. Imaging device specifications per study

Abbreviations:: Magnetic Resonance Imaging; CT: Computed Tomography; US: Ultrasound; T: Tesla; NR: Not reported; NA:
Not applicable.

First author (year of publication) Imaging device specifications

Siemens CT scanner (Somatom Definition Flash

Brown etal. (2022) (32) dual source 128 slice)

GE CT scanner (Lightspeed 64-slice);

Esmaeili et al. (2015) (23) Philips CT scanner (Brilliance 64-slice)

Siemens CT scanner (Somatom Definition Flash dual-source 128 slice);
Siemens CT scanner (Somatom Definition Edge single-source 128 slice);
Siemens CT scanner (Somatom Definition AS+ single-source 128 Slice);
Heye et al. (2020) (31) Siemens MRI scanner (Magnetom Avanto 1.5T);
Siemens MRI scanner (Magnetom Espree 1.5T);
Siemens MRI scanner (Magnetom Avanto FIT 1.5T);
Siemens MRI scanner (Magnetom Verio 3T)

GE Healthcare US system (LOGIQ E9);

Martin et al. (2018) (30) GE Healthcare CT scanner (Discovery HD750);
Philips MRI scanner (Ingenia 1.5T)
McAlister et al. (2022) (26) NR
Esmaeili et al. (2018) (22) Siemens MRI scanner (MAGNETOM Symphony 1.5T)
Leapman et al. (2022) (25) Siemens MRI scanner (MAGNETOM Symphony 1.5T)
Siemens US system (Acuson SC2000);
Marwick et al. (2011) (27) Siemens MRI scanner MAGNETOM Avanto 1.5T);

Siemens SPECT scanner (Symbia S)

GE X-ray machine (Definium 8000);

Esmaeili et al. (2011) (24) Philips X-ray machine (DigitalDiagnost)

Chua et al (2021) (28) NA
Shum et al. (2020) (36) NA
Sanchez-Barroso et al. (2021) (29) NA
Hainc et al. (2020) (34) NA
McCarthy et al. (2014) (33) NA

Picano et al. (2023) (37) NA




Appendix D.

Table 4. Carbon footprint results

Abbreviations: MRI: Magnetic Resonance Imaging; mpMRI: Multiparametric Magnetic Resonance Imaging; CT: Computed Tomography; IR: Interventional radiology; US: Ultrasound; SPECT:
single-photon emission computerized tomography.

Resource extraction Manufacturing Transport Use Waste disposal
First author (year of Medical |Minerals Fossil fuel EquipmentConsumables Staff and/or Scanner  Ancillary HVAC&  Disposal  Reuse Total per
publication) Imaging extaction for patients equipment lighting process process study
electricity
Esmaeili et al. (2015) CT 9 1,9 2,566 0,882 0,259 14,607
Esmaeili et al. (2015) CT 5,6 2,4 1,389 0,736 0,166 10,291
Heye et al. (2020) CT 0,528 0,528
Heye et al. (2020) MRI (1.5T) 7,4 7,4
Heye et al. (2020) MRI (3T) 10,2 10,2
Martin et al. (2018) CT 4 15 1,11 6,61
Martin et al. (2018) MRI (1.5T) 6 11,24 2,48 19,72
Martin et al. (2018) us 0,5 0,416 0,234 1,15
McAlister et al. (2022) CT 1,1 8,1 9,2
McAlister et al. (2022)  MRI (1.5T) 1 16,5 17,5
McAlister et al. (2022) us 0,07 0,46 0,53
McAlister et al. (2022) X-ray 0,74 0,02 0,76
Esmaeili et al. (2018) MRI (1.5T) 8,101 1,8 11,4 0,861 0,238 22,4
Leapman et al. (2022) mpMRI (1.5T) 4,6 9,5 21,1 0,17 0,62 35,99
Marwick et al. (2011) MRI 0,031 5,8 5,831
Marwick et al. (2011) us 0,0005 0,084 0,0845
Marwick et al. (2011) SPECT 0,003 0,596 0,599
Esmaeili et al. (2011) X-ray (GE) 0,775 0,135 0,21 0,067 0,124 1,311
Esmaeili et al. (2011)  X-ray (Philips) 0,519 0,151 0,114 0,055 0,157 0,996

Chua et al. (2021) IR procedures 98,4 5,4 6,68 2,17 119,98 434 2,84 239,81
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