Assessment of Transmission Factors and Shielding Requirements for Lead, Concrete and Iron in PET Imaging Environments
Abstract 
Positron Emission Tomography (PET) facilities require tailored radiation shielding because of the highly penetrating 511 keV annihilation photons and the increased construction costs associated with overly conservative designs. In many low-resource settings, reliance on Monte Carlo–based calculations further limits the feasibility of establishing PET services. This study aims to assess transmission factors and determine shielding requirements for PET facilities using a practical analytical approach, validated against published Monte Carlo–derived reference data. A certified architect developed a complete PET facility layout in compliance with international architectural and radiation safety standards. Based on this layout, shielding requirements for lead, Iron, and concrete were calculated using standard attenuation equations and validated through comparison with transmission data published by the American Association of Physicists in Medicine (AAPM). The analytical method yielded shielding thicknesses of 0.089–0.81 cm for lead, 0.20–1.87 cm for Iron, and 0.98–8.91 cm for concrete, all of which complied with safety limits and were generally lower than corresponding Monte Carlo–based recommendations. These findings indicate that analytically derived designs, when applied to a realistic architectural layout, can achieve regulatory compliance while reducing the potential for unnecessary over-shielding. The proposed approach offers a reliable and accessible alternative for institutions—particularly in low-resource regions—by reducing computational complexity, while recognizing that more complex geometries and scatter conditions may still require Monte Carlo–based analyses.
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Introduction:
Positron Emission Tomography (PET) is a cornerstone imaging modality in modern nuclear medicine and plays a critical role in oncology, neurology, and cardiology due to its high sensitivity and ability to provide quantitative functional information at the molecular level [1–3]. The most widely used PET radiopharmaceutical, ¹⁸F-fluorodeoxyglucose (¹⁸F-FDG), combines a suitable physical half-life of approximately 110 min with broad clinical applicability and compatibility with centralized cyclotron production and regional distribution networks [4]. In contrast to conventional nuclear medicine procedures based on single-photon emitters such as ⁹⁹ᵐTc and ¹³¹I, PET imaging involves the emission of two coincident 511 keV annihilation photons, which exhibit significantly greater penetration capability and consequently impose more demanding radiation shielding requirements on PET facilities [5,6].
Occupational radiation exposure remains a major concern in PET departments, particularly during radiopharmaceutical preparation, administration, and patient handling. Several studies have demonstrated that extremity and whole-body doses received by staff in PET and PET/CT facilities may be substantially higher than those observed in conventional nuclear medicine practice [7,8]. Accordingly, PET facility design must adhere to national regulatory frameworks and international dose limits recommended by the International Commission on Radiological Protection (ICRP) for both controlled and uncontrolled areas [10]. To support compliance with these requirements, the American Association of Physicists in Medicine (AAPM) Task Group 108 has published widely adopted guidance for PET and PET/CT shielding design, based on simplified source models and conservative assumptions intended to ensure radiation safety under a wide range of clinical conditions [9].
To overcome the limitations of simplified analytical approaches, Monte Carlo radiation transport simulations—such as MCNP, FLUKA, and GATE/Geant4—have been extensively employed to model scatter, buildup effects, and complex facility geometries with high accuracy [12–15]. While these methods provide robust and detailed shielding assessments, their routine application requires specialized expertise, validated simulation models, and substantial computational resources. In low- and middle-income countries, however, access to advanced computing infrastructure and trained medical physicists is often limited, making large-scale Monte Carlo–based shielding design impractical for many healthcare institutions [6,7,14].
As a result, PET facilities in resource-constrained settings are frequently designed using generalized shielding prescriptions derived directly from international guidelines or tabulated Monte Carlo results, without sufficient adaptation to local architectural layouts, patient throughput, or occupancy conditions [1,9]. Such conservative, non–facility-specific approaches may lead to excessive shielding thicknesses, increased construction costs, and delays in the implementation of PET services, thereby limiting access to advanced diagnostic imaging in developing healthcare systems.
Despite the extensive body of literature on PET shielding, relatively few studies have focused on validating analytical shielding calculations against Monte Carlo–derived reference data using realistic, facility-specific architectural designs. In particular, there remains a lack of practical analytical methodologies for 511 keV photon shielding that explicitly integrate architectural planning, occupancy classification, and workload assumptions, while still demonstrating consistency with established Monte Carlo–based transmission data [1,12,14]. This represents a clear gap in existing research, especially for clinical environments where computational resources are limited but regulatory compliance and cost optimization are equally critical.
The present study addresses this gap by proposing a facility-specific PET shielding design methodology based on direct analytical calculations applied to a realistic architectural floor plan prepared by a certified architect. Shielding thicknesses for concrete, lead, and steel are analytically derived and subsequently validated through comparison with published Monte Carlo–based broad-beam transmission data reported by the AAPM and other peer-reviewed sources. By combining architectural design considerations with validated analytical methods, this work aims to demonstrate a reliable and cost-effective PET shielding approach that is particularly suited to healthcare facilities in low-resource and developing-country contexts.
 Materials and Methods:
Facility Design and Architectural Planning
A complete PET facility layout was designed by a certified architect in accordance with international architectural standards and radiation protection guidelines [1,10,13]. The floor plan incorporated all essential functional areas, including the PET scanner room, radiopharmaceutical uptake rooms, hot laboratory, control room, staff corridors, and public-access areas. Room adjacency, wall orientation, and source-to-point distances were explicitly considered to enable location-specific shielding calculations rather than uniform or overly conservative barrier assumptions. All surrounding spaces were classified as controlled or uncontrolled areas based on occupancy and access, following ICRP recommendations [10]. This facility-specific architectural design formed the foundation of the analytical shielding methodology adopted in this study.
Shielding Parameters and Assumptions
The shielding design assumed the routine clinical use of ¹⁸F-FDG with administered activities ranging from 370 to 740 MBq per patient and a maximum daily throughput of 40 patients. Workload, use, and occupancy factors were selected in accordance with published regulatory guidance. Annual dose limits were set at 20 mSv for controlled areas and 1 mSv for uncontrolled (public) areas, consistent with ICRP recommendations [10,13].
Analytical Attenuation Calculations
Photon attenuation was initially described using the exponential attenuation expression:

                                         (1)

where I is the transmitted photon intensity, I₀ is the incident intensity, μ is the linear attenuation coefficient, and x is the shielding thickness. It is acknowledged that Equation (1) strictly applies to narrow-beam geometries and does not explicitly account for scattered radiation and buildup effects characteristic of clinical PET environments.
In practice, PET facilities operate under broad-beam conditions in which scattered photons contribute significantly to the total dose. Therefore, Equation (1) was not applied as a standalone clinical model. Instead, it was incorporated into a hybrid analytical framework in which analytically derived transmission factors and shielding thicknesses were directly validated against empirically derived broad-beam transmission data obtained from Monte Carlo–based studies reported by AAPM Task Group 108 and related literature [1,14,15]. This approach implicitly accounts for buildup and scatter effects without requiring explicit calculation of buildup factors, thereby maintaining clinical relevance while avoiding the complexity and resource demands of full Monte Carlo simulations.
Mass attenuation coefficients for lead, iron, and ordinary concrete were obtained from the NIST XCOM photon cross-section database and used to derive half-value layers (HVLs) and tenth-value layers (TVLs) for 511 keV photons [17]. All calculations were implemented using spreadsheet-based tools, allowing transparent and reproducible evaluation of shielding requirements for each barrier segment in the facility layout.
Validation Against Monte Carlo–Based Reference Data
No Monte Carlo simulations were performed in this study. Instead, analytically derived transmission factors and shielding thicknesses were validated through direct comparison with published Monte Carlo–based broad-beam transmission data reported by the AAPM and other peer-reviewed sources [1,14,15]. These reference data served solely as benchmarking tools to assess the conservativeness and reliability of the analytical approach, directly addressing the identified research gap related to the accessibility of shielding design methodologies in resource-limited clinical settings.
Shielding Materials
Three commonly used shielding materials were evaluated: lead, iron, and ordinary concrete. For each location in the facility layout, the minimum barrier thickness required to satisfy applicable dose constraints was calculated analytically and subsequently compared with published Monte Carlo–based transmission data to assess safety margins and potential cost implications.
Three shielding materials—lead, iron, and ordinary concrete—were selected for evaluation in this study. These materials were chosen because they represent the most commonly used shielding options in PET facility construction worldwide, each offering distinct physical and practical characteristics. Lead provides high attenuation efficiency due to its high atomic number and density, iron offers a balance between structural strength and shielding performance, and concrete is widely used for its low cost, availability, and structural integration in building design. Evaluating these materials allows a realistic comparison between shielding effectiveness and construction feasibility, particularly in resource-limited settings.
Source Characteristics
The shielding design was based on fluorine-18 (¹⁸F), the most widely used PET radionuclide, which emits two 511 keV annihilation photons following positron–electron interaction [1,5]. A mean administered activity of 370 MBq per patient and a maximum workload of 40 patients per day were assumed, consistent with clinical practice and published PET shielding studies [1,6,15]. The gamma-ray constant for ¹⁸F was taken as 0.142 mSv·m²·h⁻¹·GBq⁻¹ at 1 m, based on standard reference data [1].
Dose Calculation Model
The dose rate at each point of interest was calculated using a modified exposure equation adapted from AAPM Task Group 108 [1]:

                                   (2)
where A is the administered activity (GBq), Γ is the gamma constant (mSv·m²·h⁻¹·GBq⁻¹), T is the exposure time (h·day⁻¹), U is the use factor, R_T is the radioactive decay factor, N is the number of patients per day, and d is the distance from the source to the point of interest (m). An empirical reduction factor (R_F, 0.5–0.8) was applied to account for patient self-absorption, air scattering, and geometric source distribution, as recommended by IAEA, NCRP, and Monte Carlo–based studies [1,13].
Design Dose Limits and Transmission Factor
Design dose limits followed ICRP Publication 103: 20 mSv·year⁻¹ for occupationally exposed workers and 1 mSv·year⁻¹ for members of the public [10]. The permissible transmission factor was calculated as:

where represents the applicable annual dose constraint. The relationship between transmission factor and barrier thickness was expressed as:


where t is shielding thickness (cm), TVL is the tenth-value layer (cm), which varies as a function of the shielding material and photon energy. For 511 keV photons, the adopted TVL values were [15]
	Material
	TVL (cm)

	Lead
	4.1

	Iron
	1.8

	Concrete
	7.3



The occupancy-adjusted dose was calculated as:



where is the occupancy factor.

Shielding Thickness Determination
Shielding thicknesses were derived using:





Linear attenuation coefficients were calculated from NIST XCOM mass attenuation coefficients for 511 keV photons [17]. TVL values adopted were 4.1 cm for lead, 1.8 cm for iron, and 7.3 cm for concrete, based on AAPM and NCRP data [11].
These analytical calculations were implemented using spreadsheet-based tools, allowing transparent, reproducible evaluation of shielding requirements for each barrier location.
 Data and Material Parameters
Table 1. lists relevant physical properties for commonly used PET radionuclides, including half-life, positron fraction, mean and maximum positron energies, gamma energy, and gamma constants.
	Radio
nuclide
	Half life
(min)
	Decay mode
β⁺) %)
	Mean positron MeV
β⁺) %)
	Max positron
(MeV)
	Gamma Energy keV
 (annihilation)

	Gamma Ray Constant (mSv·m²/h·GBq at 1 m)

	F-18
	109.80
	 097
	097
	0.635
	511.000 
	0.142

	C-11
	020.40 
	100
	100
	0.960
	511.000
	0.340

	N-13
	009.97 
	100
	100
	1.199
	511.000
	0.600

	O-15
	002.00 
	100
	100
	1.732
	511.000
	0.970

	Ga-68
	067.70 
	 089
	089
	1.899
	511.000
	0.670

	Rb-82
	001.15 
	096
	096
	3.350
	511,776
	1.260












Broad-Beam Transmission Data
Lead thicknesses are expressed in millimeters due to its high density, whereas iron and concrete thicknesses are expressed in centimeters, consistent with standard PET shielding practice (AAPM TG-108).

Table 2. Broad-beam transmission factors at 511 keV are summarized in Table 2 for lead (mm), iron (cm), and concrete (cm).
	Thickness
	Transmission Factors

	
	Lead            Concrete           Iron

	00
	1.0000
	1.0000
	1.0000

	01
	0.8912
	0.9583
	0.7484

	02
	0.7873
	0.9088
	0.5325

	03
	0.9605
	0.8519
	0.3614

	04
	0.6021
	0.7889
	0.2353

	05
	0.5227
	0.7218
	0.1479

	06
	0.4522
	0.6528
	0.0905

	07
	0.3903
	0.5842
	0.0542

	08
	0.3362
	0.5180
	0.0319

	09
	0.2892
	0.4558
	0.0186

	10
	0.2485
	0.3987
	0.0107

	12
	0.1831
	0.3008
	0.0035

	14
	0.1347
	0.2243
	0.0011

	16
	0.0990
	01662
	0.0004

	18
	0.0728
	0.1227
	0.0001

	20
	0.0535
	0.0904
	

	25
	0.0247
	0.0419
	

	30
	0.0114
	0.0194
	

	40
	0.0024
	0.0042
	

	50
	0.0005
	0.0009
	




















Facility Layout
Figure 1 illustrates the architect-designed PET facility layout. The PET scanner room is centrally located and surrounded by controlled and uncontrolled areas. Analytical shielding calculations were applied directly to this layout, incorporating patient workflow, occupancy factors, and source-to-point distances to determine material-specific barrier thicknesses.
[image: ]
Figure 1 The PET facility layout designed by the architect. The PET room is centrally located, with adjacent controlled and uncontrolled areas. Analytical shielding calculations were applied directly to this layout, considering patient workflow, occupancy, and distances to estimate required barrier thicknesses for each material.

Results and Discussions:
Table 3. Sample dose and transmission calculations for different locations in the PET facility (Figure 1).
	Rooms
	Tomograph distance        (m)
	Target Dose (µSv)
	Total Dose (µSv)
	Transmission 

	reception room
	10.8
	020
	22.49
	0.889

	staff WC
	09.3
	020
	30.33
	0.659

	uptake room1
	07.3
	020
	49.24
	0.406

	patients WC
	07.8
	020
	43.13
	0.463

	uptake room2
	09.3
	020
	30.33
	0.659

	uptake room3
	13.8
	020
	13.77
	1.450

	office 1
	13.1
	020
	15.29
	1.300

	office 2
	12.8
	020
	16.01
	1.240

	patients change
	07.3
	020
	49.24
	0.406

	store
	07.3
	020
	49.24
	0.406

	control room
	05.0
	100
	118.78
	0.841

	Staff room
	08.8
	100
	33.88
	2.952

	Control corridor
	03.0
	100
	291.50
	0.343

	exit corridor
	08.2
	020
	39.02
	0.512



Table 3 summarizes the calculated radiation doses and transmission factors at several locations surrounding the PET facility shown in Figure 1. These estimates were obtained using the analytical methodology described earlier, incorporating scanner geometry, source-to-point distance, occupancy factors, and applicable dose limits for controlled and uncontrolled areas. The transmission factor represents the fraction of photons penetrating each barrier and therefore provides a direct measure of shielding effectiveness. The results reflect realistic operating conditions for an ¹⁸F-based PET facility and demonstrate that all assessed locations remain within internationally accepted dose limits, confirming the adequacy of the proposed shielding design.
Substantial variation in dose levels was observed across the facility, primarily driven by differences in distance from the PET tomograph and wall orientation relative to the patient location. The control corridor, located only 3.0 m from the scanner, exhibited the highest calculated dose (291.50 µSv), followed by the control room (118.78 µSv). In contrast, peripheral areas such as Uptake Room 3 and Offices 1 and 2 showed transmission factors equal to or greater than unity (T ≥ 1), indicating that existing structural separation provides sufficient attenuation and that no additional shielding is required for these locations under routine operating conditions.
Table 4. Required barrier thicknesses (cm) for concrete, lead, and iron based on analytical transmission factors.

	Rooms
	Transmission
	Barrier Thickness in(cm)

	
	
	concrete
	Lead
	Iron 

	reception room
	0.889
	0.980484
	0.089135
	0.206418

	staff WC
	0.659
	3.475265
	0.315933
	0.731635

	uptake room1
	0.406
	7.511684
	0.68288
	1.581407

	patients WC
	0.463
	6.416902
	0.583355
	1.350927

	uptake room2
	0.659
	3.475265
	0.315933
	0.731635

	uptake room3
	1.45
	T≥1 — Additional shielding not required

	office 1 
	1.3
	T≥1 — Additional shielding not required

	office 2 
	1.24
	T≥1 — Additional shielding not required

	patients change back
	0.406
	7.511684
	0.68288
	1.581407

	store
	0.406
	7.511684
	0.68288
	1.581407

	control room 
	0.841
	1.44303
	0.131185
	0.303796

	nurse room
	2.952
	T≥1 — Additional shielding not required

	control corridor
	0.343
	8.916874
	0.810625
	1.877237

	exit corridor
	0.512
	5.578589
	0.507144
	1.17444



Table 4 presents the analytically derived barrier thicknesses required for concrete, lead, and iron. As expected, lead required the smallest thickness to achieve the target attenuation, followed by iron and concrete, reflecting known differences in material density and attenuation properties. For example, shielding of the control corridor would require approximately 8.9 cm of concrete, 0.8 cm of lead, or 1.9 cm of iron to satisfy design dose constraints. Although concrete requires greater thickness, its low cost, availability, and structural compatibility make it the most commonly used shielding material in PET facility construction.
Although a formal economic analysis was not performed, the reduced shielding thicknesses obtained through the analytical method—particularly for lead and iron—translate directly into lower material volume and construction requirements. Since shielding cost scales approximately with material thickness and mass, these reductions provide clear evidence of potential cost savings compared with conservative guideline-based designs.


Figure 2. Broad-beam transmission of 511 keV photons as a function of concrete thickness


Figure 3. Broad-beam transmission of 511 keV photons as a function of lead thickness


Figure 4. Broad-beam transmission of 511 keV photons as a function of iron thickness


	Figure 5. Comparison between Monte Carlo–based transmission data and analytical results for concrete at 511 keV


Figure 6. Comparison between Monte Carlo–based transmission data and analytical results for lead at 511 keV.
[image: ]
Figure 7. Comparison between Monte Carlo–based transmission data and analytical results for iron at 511 keV.
Figures 2–4 illustrate the broad-beam transmission of 511 keV photons as a function of shielding thickness for concrete, lead, and iron. All curves exhibit the expected exponential attenuation behavior, consistent with fundamental photon–matter interaction principles. Lead shows the steepest reduction in transmission with increasing thickness, while concrete demonstrates a more gradual attenuation trend, necessitating thicker barriers to achieve equivalent protection. Iron exhibits intermediate behavior, offering a balance between attenuation efficiency and structural strength.
Figures 5–7 compare the analytically calculated transmission factors with published Monte Carlo–based broad-beam transmission data. The close agreement observed across all three materials confirms that the analytical approach, when applied to a realistic architectural layout, provides results consistent with established PET shielding references. The analytical method yielded barrier thickness ranges of approximately 0.08–0.81 cm for lead, 0.20–1.87 cm for iron, and 0.9–8.9 cm for concrete. These values were applied directly to the architectural plan based on room classification, workload, and occupancy.
Although no Monte Carlo simulations were performed in this study, validation against published Monte Carlo–derived transmission data demonstrated agreement within accepted shielding design tolerances. In several locations, the analytical approach resulted in slightly lower required thicknesses, highlighting the conservative nature of generalized shielding tables when applied without facility-specific adaptation. By incorporating the actual room layout and operational conditions, the proposed method ensures regulatory compliance while avoiding unnecessary over-shielding.
The reduced shielding thicknesses obtained using this analytical framework have important practical implications, particularly for facilities in low-resource settings. Because shielding is applied only where needed, material usage and construction costs can be minimized without compromising radiation safety. While Monte Carlo simulations remain the preferred approach for complex geometries, the present method offers a reliable and accessible alternative for standard PET facility designs.
Overall, the close agreement observed between the analytically derived shielding thicknesses and published Monte Carlo–based broad-beam transmission data confirms that facility-specific analytical methods, when appropriately applied, can achieve regulatory-compliant PET shielding without unnecessary overdesign. Similar conclusions regarding the conservative nature of generalized PET shielding tables and the importance of geometry-specific assessments have been reported in AAPM Task Group 108 [1].
Conclusion:
This study presented a practical and facility-specific analytical approach for radiation shielding design in PET facilities, based on realistic architectural planning and validated against published Monte Carlo–derived broad-beam transmission data. The results demonstrated that analytically calculated shielding thicknesses for concrete, lead, and iron remain fully compliant with international radiation protection standards while generally yielding lower thickness requirements than conservative guideline-based estimates. Because shielding cost is strongly dependent on material thickness and mass, the demonstrated reduction in required barrier thickness provides direct, physics-based evidence of lower construction cost without compromising radiation safety.
By integrating analytical attenuation equations with validated reference data and applying them directly to an architect-designed PET layout, the proposed methodology addresses a key gap in the existing literature—namely, the lack of accessible and validated shielding design methods suitable for low-resource settings. The close agreement observed with AAPM Task Group 108 transmission data confirms that reliable PET shielding can be achieved without reliance on computationally intensive Monte Carlo simulations.
Future work will focus on extending this analytical framework to more complex PET facility geometries and hybrid imaging systems such as PET/CT and PET/MR, where additional scatter and secondary radiation sources may influence shielding requirements. Incorporating site-specific occupancy patterns and time-dependent workload variations is also expected to further refine dose estimates. In selected cases, limited Monte Carlo simulations may be used as supplementary tools to benchmark analytical results in highly irregular or non-standard facility layouts.
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