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Abstract 
Introduction 

Primary hyperparathyroidism (PHPT) is the enlargement of one or more parathyroid glands, also known 

as parathyroid adenomas (PAs), resulting in the overproduction of the parathyroid hormone. The only 

curative treatment for PHPT is minimally invasive surgical excision of the PAs, so knowing the exact 

location and number of PAs is essential. Currently, the Rijnstate Hospital does not have an unambiguous 

imaging protocol for patients with a suspected PA. The goal of this research was to develop the optimal 

localisation protocol for patients with a suspected PA in terms of the number of examinations, the 

lowest possible total radiation dose and the highest localisation accuracy. 

Method 

A multireader, multicase (MRMC) study involving thirteen radiologists determined whether the 

number of CT phases in the four-dimensional CT (4DCT) protocol can be reduced, resulting in a lower 

radiation exposure to the patient. In addition, a map was created to provide information on the level 

of contrast enhancement in the PA in a single image to help the radiologist locate the PAs. Finally, a 

pilot study compared the newly developed 18F-Choline PET/4DCT protocol as a ‘one-stop shop’ with the 

4DCT and 18F-Choline PET/CT protocols in terms of image quality and radiation dose.  

Results 

The MRMC study demonstrated that it is possible to reduce the number of phases in the 4DCT protocol 

from four to three while maintaining localisation accuracy. For experienced 4DCT radiologists, the 

number of phases could be further reduced to a two-phase 4DCT protocol. The enhancement map was 

developed to increase the detectability of PAs, but despite a promising quantitative analysis and 

promising feedback from the radiologists, no increased detectability of PAs was observed during the 

MRMC study to date. Finally, the 18F-Choline PET/4DCT protocol has proven to be a promising ‘one-stop 

shop’ alternative to the currently used imaging protocols in terms of image quality and radiation dose.  

Conclusion 

The patient benefits from the proposed 4DCT protocols, since the radiation dose can be reduced 

compared to the currently used four-phase 4DCT protocol. The 18F-Choline PET/4DCT protocol may 

further improve patient comfort, since less hospital visits are required to localise the PA. In the future, 

when the radiation dose of the 18F-Choline PET/4DCT protocol has been optimised, an MRMC study 

should determine the performance of PA localisation with the 18F-Choline PET/4DCT protocol, 

compared to the other imaging protocols.    
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1 General Introduction 
Primary hyperparathyroidism (PHPT) is a disorder of the parathyroid glands characterised by excessive 

secretion of the parathyroid hormone (PTH) and hypercalcaemia [1]. PHPT is the third most common 

endocrine disorder after diabetes mellitus and thyroid diseases [2]. PHPT is caused by a single enlarged 

adenoma in 85-90% of the cases, or by multiple adenomas in the remaining 10-15% [3]. Parathyroid 

carcinoma is the cause of PHPT in less than 1% of the cases. The risk of PHPT increases with age, with 

the peak age group between 50 and 60, and is about four times higher in women (1 in 500) than in men 

(1 in 2000) [4]. Patients with PHPT usually present with non-specific symptoms, like renal colic, bone 

pain, weakness and psychiatric problems. Laboratory blood tests show elevated levels of PTH and 

calcium [1]. Over time, PHPT is associated with an increased risk of cardiovascular disease, 

cerebrovascular disease, renal disease, osteoporosis and all-cause mortality [5].  

Intervention is recommended for people with clear symptoms or complications. The only curative 

treatment for PHPT is surgical excision of the abnormal parathyroid gland [6]. This can be performed 

by a bilateral neck exploration (BNE) or by minimally invasive parathyroid surgery (MIPS) [5]. In both 

procedures, PTH levels are monitored intraoperatively at 0, 5, and 10 minutes after tissue resection to 

confirm complete removal of hyperfunctioning parathyroid tissue [7]. Nowadays, MIPS is the preferred 

method because of shorter operating times, shorter hospital stays, lower costs, and smaller incisions, 

while still achieving the same high cure rate of >95% as with BNE. However, the same high cure rate 

can only be achieved with accurate and precise preoperative imaging of the parathyroid adenoma (PA). 

This implies that the radiologist must provide the surgeon with essential information about the exact 

location and the number of PAs [6]. 

Localising the parathyroid glands is not straightforward, 

because of their small size and variable location (Figure 1). 

Most commonly, there are four parathyroid glands: two 

superior and two inferior [7]. The embryological origin of 

the parathyroid glands guides the search for both 

orthotopic and ectopic parathyroid tissue. The superior 

parathyroid glands derive from the fourth parapharyngeal 

pouch and have a relatively fixed position in the neck due 

to their limited embryological migration. They are most 

commonly found dorsal to the superior pole of the thyroid 

gland. The inferior parathyroid glands derive from the third 

parapharyngeal pouch and are more variable in location  

A B 

Figure 1: Potential anatomic sites of superior (red 
outline) and inferior (blue outline) parathyroid 

glands on frontal (A) and lateral (B) views. 
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due to their relatively long migration, ranging from the angle of the mandible to the pericardium [5]. 

Nevertheless, the inferior parathyroid glands are most commonly found close to the inferior pole of 

the thyroid gland. Overall, approximately 16% of both superior and inferior parathyroid glands are 

ectopic, with the most common locations being mediastinal, intrathyroidal, intra-thymic or in the 

tracheoesophageal groove [8], [9].  

Traditional modalities for parathyroid imaging in the first stage of localisation are cervical 

ultrasonography (US) and 99mTc-Sestamibi SPECT (Tc-MIBI) [10]. Cervical US is an accessible, inexpensive 

imaging technique that can be used to visualise PAs without the use of ionising radiation. PAs are 

described on cervical US as an elongated or ovoid, hypoechoic structure with an echogenic capsule and 

a large amount of vascularisation [11]. Normal parathyroid glands are much more difficult to identify. 

In some cases, the parathyroid gland has a recognisable feeding vessel that makes it easier to locate, 

known as the polar vessel sign [12]. However, lymph nodes also have a feeding vessel, which sometimes 

makes it difficult to distinguish the PA from lymph nodes on cervical US. Therefore, cervical US is rarely 

the only preoperative imaging examination performed and should not be relied upon in isolation as the 

usual standard of care [11]. As a result, cervical US is often combined with Tc-MIBI to increase the 

sensitivity of PA localisation to approximately 65-97% [13], [14]. Tc-MIBI is a functional, non-invasive 

imaging technique to visualise the parathyroid glands. The uptake of Tc-MIBI per gram of PA is usually 

greater than the uptake per gram of thyroid tissue [15]. In addition, Tc-MIBI usually washes out faster 

from the thyroid compared to the PA. Therefore, a dual-phase protocol is often used to locate the PA. 

To further increase sensitivity, dual-phase, dual-isotope subtraction scintigraphy can be used, 

combining 99mTc-Sestamibi with 123I, which is only taken up by thyroid tissue [16]. However, if the 

combination of cervical US and Tc-MIBI has a negative or contrary result, further imaging is required 

[17]. In addition, in challenging clinical situations, such as multiple adenomas or ectopic adenomas, the 

combination of cervical US and Tc-MIBI is less sufficient.  

Four-dimensional computed tomography (4DCT) or 18F-Choline PET/CT are commonly used in the 

second stage of localisation in cases where the primary imaging techniques appear to be inadequate 

[18], [19]. Whether 4DCT or 18F-Choline PET/CT is used depends on local experience and availability. 

18F-Choline PET/CT has gained interest in recent years due to its high spatial resolution, short scan time 

compared to Tc-MIBI, and relatively low radiation dose to the patient [11]. An example of a 18F-Choline 

PET/CT image with a PA is shown in Figure 2. The uptake of 18F-Choline is increased by the upregulation 

of choline kinase and is related to the secretion of PTH in PAs [20]. The sensitivity of 18F-Choline PET/CT 

is the highest of all parathyroid imaging techniques ranging from 85-97% [19], [21], [22]. This may raise 

the question why 18F-Choline PET/CT is not used in the first stage of parathyroid localisation. The main 
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reasons are the high cost and limited availability of 18F-Choline PET/CT [23]. The other second stage 

localisation technique, 4DCT, uses both morphological and enhancement patterns to differentiate the 

PA from lymph nodes, normal thyroid tissue and thyroid nodules [10], [12], [24]. The fourth dimension 

derives information from imaging in two or more contrast-enhanced phases over time [10]. The 

reported sensitivity of 4DCT varies from 75 to 97% [5], [24], [25]. This relatively wide range may be 

caused by large differences in expertise of radiologists with 4DCT, as well as large variability in 4DCT 

protocols used. However, it still outperforms the combination of cervical US and Tc-MIBI [25], [26]. The 

main disadvantage of 4DCT is the high radiation dose to the thyroid, which is about 50 times higher 

with 4DCT compared to Tc-MIBI [23], [27]. Therefore, it is important to investigate the possibility of 

reducing the radiation dose to the patient.  

 

 

Figure 2: 18F-Choline PET/CT image of a patient with a parathyroid adenoma, which is denoted by a red arrow [28]. 

 

The radiation dose of 4DCT can be reduced by limiting the number of contrast phases. It has been 

introduced as a four-phase protocol with a non-contrast phase, an arterial phase, a venous phase and 

a delayed (venous) phase [26]. This is based on the enhancement pattern of a PA. In the non-contrast 

phase, the PA has a low attenuation compared to the thyroid, due to the intrinsic iodine content of the 

thyroid (Figure 3A) [29]. In the second phase, rapid wash-in of the iodinated contrast agent is seen in 

the PA and the thyroid (Figure 3B). In the third phase, a rapid wash-out of the contrast agent is observed 

in the PA compared to the thyroid (Figure 3C). In the fourth phase, further washout is seen (Figure 3D). 

The enhancement patterns varied somewhat between individuals, as Bahl et al. demonstrated three 

different attenuation patterns of the PA relative to the thyroid [24]. The PA showed either higher 

attenuation than thyroid tissue on the arterial phase (type A), no higher attenuation on the arterial 

phase but lower attenuation on the venous phase (type B), or neither higher attenuation on the arterial 

phase nor lower attenuation on the venous phase (type C). This heterogeneity in the attenuation 

pattern sometimes makes it difficult to localise PAs on 4DCT images. It is currently unknown if, and 

which, contrast phases of the 4DCT protocol can be reduced without loss of sensitivity.   
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Previously, multiple studies have attempted to optimise the number of phases in the 4DCT protocol. 

Nevertheless, there is no clear consensus in the literature as to which phases are necessary to detect 

the PA [30], [31]. A large meta-analysis from 2017 by Kluijfhout et al. concluded that a non-contrast 

phase together with two post-contrast phases is optimal [25]. However, in many studies, 4DCT images 

were read by a small number of neuroradiologists, with a high level of 4DCT experience. In many 

hospitals, there is little to no experience with 4DCT, which may result in a different number of phases 

needed to localise the PA. Ultimately, the main goal is to find the right compromise between radiation 

exposure and sensitivity for PA localisation.  

2 Goal of this research 
Currently, the Rijnstate Hospital does not have an unambiguous protocol for patients with a suspected 

PA. The first-stage imaging techniques, cervical US and Tc-MIBI, and the second-stage imaging 

techniques, 4DCT and 18F-Choline PET/CT, are performed in various orders, depending on the 

requesting endocrinologist. The goal of this research is to develop the optimal localisation protocol for 

patients with a suspected PA in terms of the number of examinations, the lowest possible total 

radiation dose and the highest localisation accuracy. Firstly, a map to assist the radiologist in locating 

PAs was investigated. Secondly, a multireader, multicase (MRMC) study with a large number of readers 

with different levels of 4DCT experience, will provide insight into a possible reduction in the number of 

4DCT phases. Currently, the Rijnstate Hospital uses a four-phase protocol. The goal of the MRMC study 

is to reduce the radiation exposure to the patient by reducing the number of phases and to achieve PA 

localisation that is not inferior to the current protocol. Thirdly, the use of 4DCT and 18F-Choline PET/CT 

integrated into a single 18F-Choline PET/4DCT examination in patients with PHPT will be investigated, 

to see if this ‘one-stop shop’ could be a promising alternative to the current imaging techniques.  

A B 

C D 

Figure 3: Classic parathyroid adenoma (PA) appearance at 4DCT, denoted by a red arrow. A: Non-contrast phase 
with hypoattenuation of the PA relative to the thyroid. B: Arterial phase with hyperattenuation of the PA and the 

thyroid. C: Venous phase with hypoattenuation of the PA relative to the thyroid due to rapid wash-out of the 
contrast agent. D: Delayed (venous) phase with further washout of the contrast agent.  
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3 The enhancement map 

3.1 Introduction 

In addition to the existing non-contrast, arterial, venous and delayed (venous) phases, the Rijnstate 

Hospital recently created a subtraction map to show arterial enhancement as a colour scale (Figure 4) 

[17]. The subtraction map was created by subtracting the non-contrast phase from the arterial phase. 

The aim of the subtraction map is to assist the radiologist in finding the parathyroid adenomas (PAs), 

since it should be easier to differentiate between the PA and thyroid tissue. An important advantage of 

the subtraction map is that it provides information about the level of enhancement in a single image 

without the need for increased radiation dose. However, as shown by Bahl et al, there are three 

different attenuation patterns of the PA relative to the thyroid [24]. The subtraction map is only useful 

when the attenuation of the PA is higher than thyroid tissue on the arterial phase (type A adenomas as 

described by Bahl et al. [24]). For adenomas with other attenuation patterns, it is very difficult to 

distinguish between the PA and thyroid tissue on the subtraction map. The arterial enhancement of 

these adenomas is not large enough, resulting in a subtraction value of the PA that is equal to or less 

than the subtraction value of the thyroid. Unfortunately, the prevalence of type A adenomas is the 

lowest at only 20%, compared to 57% for type B adenomas and 22% for type C adenomas. The 

subtraction map would therefore only be useful in a few patients with a PA. In addition, the usefulness 

of the subtraction map is limited by several artefacts and by misalignment between the non-contrast 

and arterial phase images, often due to patient movement and breathing, which may result in small 

PAs being missed. Therefore, we aimed to develop a more robust colour scale to better visualise the 

enhancement differences between the PA and the thyroid. 

 

Figure 4: Subtraction map that shows a lesion with high arterial contrast enhancement compared to the thyroid gland 
(arrowhead). The arrow points to the lesion with increased arterial enhancement just dorsal to the right thyroid gland lobe. 

This turned out to be the parathyroid adenoma after surgery. The inferno colour map was used for the subtraction map. [17] 
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3.2 Materials and Methods 

3.2.1 Creating the enhancement map 

An alternative to the subtraction map was sought and found in the form of the enhancement map. The 

enhancement map is the relative percentual increase in arterial enhancement from the non-contrast 

phase calculated for each voxel. The enhancement map takes advantage of the fact that the attenuation 

of the PA in the non-contrast phase is usually less than the attenuation of thyroid tissue. As a result, 

the enhancement difference between the PA and thyroid tissue is increased on the enhancement map, 

potentially adding value to the localisation of the PA. 

In order to make the enhancement map useful in a clinical setting, a number of optimisation steps had 

to be performed (Figure 5). The first step was to register the non-contrast phase image to the arterial 

phase image to align the two images. This is necessary because breathing and movement of the patient 

can cause misregistration between the non-contrast and arterial phase images, which could result in 

small PAs being missed. Therefore, the open-source tool Elastix was used to align the two images and 

the parameter set was selected based on the modality (3D CT monomodal) and content (head and 

neck) [32]. This resulted in a rigid transformation with an advanced mean square metric, followed by a 

B-spline transformation with a normalised cross-correlation metric. The second step was then 

performed by calculating the relative percentual increase for each voxel (Eq. 1).  

            𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑢𝑎𝑙 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 =
𝐴𝑟𝑡𝑒𝑟𝑖𝑎𝑙 𝑝ℎ𝑎𝑠𝑒 − 𝑁𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑝ℎ𝑎𝑠𝑒

𝑁𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑝ℎ𝑎𝑠𝑒
× 100%    (𝐸𝑞. 1) 

 

Figure 5: Workflow of how the enhancement map was created out of non-contrast and arterial phase images. 

 

The third and final step was to apply a three-dimensional median filter (3 x 3 x 3) to remove noise from 

the enhancement map. This noise can be described as salt and pepper noise, since it appears as 

sparsely occurring white and black pixels [33]. Removal of salt and pepper noise is necessary because 

it makes it difficult for radiologists to evaluate the enhancement map. The noise occurs because the 

non-contrast and arterial phase images are not fully aligned. A slight mismatch between the pixels of 

two images can result in extreme pixel values on the enhancement map. This occurs when one of the 

corresponding pixels in the non-contrast or arterial phase image has a very high or low pixel value. 
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Extreme pixel values on the enhancement map can also be observed when the pixel value in the non-

contrast phase image is close to zero.  

3.2.2 Comparison of the subtraction map and the enhancement map 

To compare the contrast between the PA and the thyroid on the subtraction map with the contrast on 

the enhancement map, non-contrast and arterial phase images were retrospectively selected from May 

2020 to March 2023 to create a dataset consisting of twenty-seven patients with primary 

hyperparathyroidism (PHPT). All patients were scanned on the IQon dual-energy CT scanner (Philips 

Healthcare, Best, The Netherlands) with a slice thickness of 0.9 mm, a tube voltage of 120 kVp and a 

tube current-exposure time product value between 27 and 88 mAs. The non-contrast phase was 

followed by the injection of 90-120 mL of iodinated intravenous contrast agent (Xenetix 300, Guerbet, 

Villepinte, France) at a flow rate of 3.5-5.0 mL/sec. Bolus tracking in the proximal part of the descending 

aorta is used to monitor when a threshold of 150 Hounsfield units (HU) is reached. The arterial phase 

was acquired 10 seconds after the threshold was reached. 

In the Sectra PACS environment (Sectra AB, Linköping, Sweden), regions of interest (ROIs) with a 

diameter of 5 mm were delineated in the thyroid gland and the PA on the non-contrast and arterial 

phase images. The ROIs were reviewed and validated by J.K., a radiology resident with five years of 

experience. The mean HU value was noted for each ROI.  

For the subtraction map, thyroid and PA enhancement were calculated by subtracting the mean HU 

value on the non-contrast phase from the mean HU value on the arterial phase. A difference of more 

than +15 HU between PA enhancement and thyroid enhancement was considered sufficient to 

distinguish between the two structures on the subtraction map. For the enhancement map, the relative 

percentual increase from the non-contrast phase to the arterial phase was calculated for the thyroid 

and the PA. A difference in the relative percentual increase between the PA and thyroid tissue of more 

than 30 was considered sufficient to distinguish between the two structures on the enhancement map.  

3.3 Results 

3.3.1 Creating the enhancement map 

Figure 6 shows the result of aligning the non-contrast and arterial phase images. While the PA is not 

visible in the unaligned image, it becomes visible in the aligned image. Figure 7 shows the result of 

applying a median image filter to remove noise from the enhancement map. The result is a final 

enhancement map that is less noisy and easier for the radiologist to evaluate.   
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Figure 6: Left: The enhancement map of one patient where the non-contrast and arterial phase images were not aligned. 
Right: The enhancement map of the same patient with alignment of the non-contrast and arterial phase images.  

The arrowhead is pointing to the thyroid gland and the arrow points to the parathyroid adenoma  
dorsal to the left thyroid gland lobe. 

 

  
 

 
 

Figure 7: Left: The enhancement map of one patient where noise is present that complicates the ability to evaluate the 
image. Right: Final result of the enhancement map. Bottom: Arterial phase image of this patient for anatomical reference.  

The arrowhead is pointing to the thyroid and the arrow points to the parathyroid adenoma  
dorsal to the right thyroid gland lobe. 

 

3.3.2 Comparison of the subtraction map and the enhancement map 

The median contrast on the subtraction map between the PA enhancement and thyroid enhancement 

was 0 HU (IQR: -50, 19). In only 30% of the patients the contrast was greater than +15 HU. The 

enhancement map showed a median difference of 114 (IQR: 35, 182) in the relative percentual increase 
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between the PA and thyroid tissue. In 78% of the patients the difference in the relative percentual 

increase was greater than 30. An example of a patient where the enhancement map would be preferred 

to the subtraction map is shown in Figure 8. The contrast between the PA and the thyroid for this 

patient is clearly greater on the enhancement map than on the subtraction map. The contrast on the 

subtraction map and the contrast on the enhancement map for each patient are shown in Appendix A.  

  

Figure 8: Comparison of the enhancement map (left) with the subtraction map (right) of one patient. For both maps, the 
non-contrast phase and the arterial phase were aligned. The arrow points to the parathyroid adenoma  

dorsal to the left thyroid gland lobe. 

 

Figure 9 shows the mean HU values for both the PA and thyroid tissue for each included patient and 

the median HU value over all included patients. The difference between the median HU value of the 

PA and the thyroid over all included patients on the subtraction map was very small at only 2 HU (Figure 

9A). The difference between the median HU value of the PA and the thyroid over all included patients 

on the enhancement map was significantly higher at 101 (Figure 9B).  

  

A B 

Figure 9: Mean HU values for both the PA and thyroid tissue and the median HU value over all included patients. The median 
values over all twenty-seven patients for both structures are shown with horizontal lines. (A) Subtraction of the non-contrast 
phase from the arterial phase for thyroid and PA. (B) Relative percentual increase from the non-contrast phase to the arterial 

phase for thyroid and PA. The yellow star in patient 23 has a value of 1550 and has been marked as an outlier for 
visualisation purposes.  
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3.4 Discussion 

The ability to detect the PA based on the contrast with the thyroid gland increased from 30% on the 

subtraction map to 78% on the enhancement map. In the remaining 22% of the patients with 

insufficient contrast between the PA and thyroid tissue, weak enhancement in the PA or a relatively 

high attenuation in the non-contrast phase, or both, was observed. These adenomas will always be 

difficult to locate on four-dimensional CT (4DCT) scans. 

Despite the ability to detect the PA based on the contrast with the thyroid gland in 78% of the patients, 

there are several reasons why the PA may still be difficult to locate. The main reason for this is artefacts 

present in the non-contrast and arterial phase images and therefore also on the enhancement map. 

The beam hardening artefact present in these images causes dark bands to appear behind structures 

with a high attenuation coefficient [34]. Only higher energy photons are left to contribute to the beam, 

increasing the mean beam energy. The clavicle is one of the structures that causes the beam hardening 

artefact to appear on the non-contrast and arterial phase images. The contrast agent administered to 

the patient also causes the beam hardening artefact to appear on the arterial phase images. If the PA 

is within the dark bands of the artefact, it may be difficult to locate the PA on the arterial phase image 

and also on the enhancement map (Figure 10).  

  

Figure 10: Example of a patient where it is difficult to locate the PA on both the arterial phase image (left) and the 
enhancement map (right) due to the beam hardening artefact. The arrow points to the parathyroid adenoma  

near the sternohyoid muscle. 

The beam hardening artefact can be reduced by increasing the mean beam energy [35]. However, the 

disadvantage of increasing the mean beam energy is that the photons will penetrate through the PA 

more easily. Another way to reduce the beam hardening artefact is to reduce the amount of contrast 

agent administered to the patient [36]. This would not only improve image quality, but would also 

result in less possibility of damage to the patient’s kidneys. Following evaluation of the current contrast 

administration protocol for 4DCT parathyroid adenoma scans, the contrast administration protocol was 

modified (Table 1). Visually, the first five patients scanned with the new contrast protocol showed no 
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major differences in contrast between the PA and thyroid tissue, according to J.K., a radiology resident 

with five years of experience. 

Table 1: Modifications to the contrast administration protocol for 4DCT parathyroid adenoma scans. 

Weight (kg) 
Volume IV contrast / NaCl (mL) 

Flow (mL/s) 
Old contrast protocol New contrast protocol 

<60 90 / 30 50 / 30 3.5 

60 - 80 100 / 30 60 / 30 4 

80 - 100 110 / 30 70 / 30 4.5 

100+ 120 / 30 75 / 30 5 

 

Besides beam hardening artefacts, heterogeneous arterial enhancement of thyroid tissue may 

complicate PA localisation and could be misinterpreted as a PA (Figure 11). Therefore, it is 

recommended to always interpret the enhancement map together with the non-contrast and arterial 

phase images. The multireader, multicase (MRMC) study investigating the potential reduction in the 

number of 4DCT phases also examined the enhancement map in its current state to calculate several 

performance metrics of PA localisation using the enhancement map.  

  

Figure 11: Example of a patient where heterogeneous arterial enhancement could be misinterpreted as a PA. The arrow 
points to a thyroid nodule, which shows hypoattenuation on the arterial phase image (left) and is visible as a bright spot  

on the enhancement map (right). 

 

3.5 Conclusion 

In conclusion, an alternative to the subtraction map was found in the form of the enhancement map. 

The ability to detect the PA on the enhancement map was significantly higher than on the subtraction 

map. However, beam hardening artefacts and heterogeneous arterial enhancement of thyroid tissue 

may still complicate PA localisation on the enhancement map. The multireader, multicase study will 

provide insight into the performance of PA localisation using the enhancement map.  
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4 Reducing the number of four-dimensional CT phases 

4.1 Introduction 

In many hospitals, four-dimensional CT (4DCT) is currently used as a secondary imaging technique to 

localise a parathyroid adenoma (PA). However, some hospitals have successfully used 4DCT as a 

primary imaging technique in patients with a suspected PA [37], [38]. The main reason for this success 

is the high sensitivity of 4DCT as a first-line imaging modality, which can be attributed to a higher spatial 

resolution compared to cervical ultrasonography (US) and 99mTc-Sestamibi SPECT (Tc-MIBI).  

At the Rijnstate Hospital, cervical US and Tc-MIBI were almost always followed by four-phase 4DCT 

and/or 18F-Choline PET/CT imaging to confirm the findings of cervical US and/or Tc-MIBI with greater 

certainty. Performing only 4DCT as first-line imaging would likely be more time and cost efficient [39]. 

In addition, it would likely be more beneficial for the patient, since fewer hospital visits would be 

required to confirm the location of any PA. However, the main disadvantage of 4DCT is the relatively 

high radiation dose, which limits its use as the primary imaging modality in every hospital [27]. 

Therefore, it is important to investigate a potential reduction in radiation exposure.  

Multiple studies have attempted to reduce the radiation exposure by reducing the number of phases 

in the 4DCT protocol. Raghavan et al. concluded that adequate diagnostic accuracy for PA localisation 

could be achieved with only the arterial phase provided to the radiologist [30]. However, this is one of 

many studies using a small number of readers with a high level of experience in interpreting 4DCT scans 

[25].  

This study aims to compare several combinations of 4DCT phases and the previously described 

enhancement map with a large number of readers with different levels of experience with 4DCT. This 

multireader, multicase (MRMC) study will determine whether the number of phases can be reduced, 

resulting in less radiation exposure to the patient. It will also determine whether experience with 4DCT 

has an impact on the required number of phases and whether the enhancement map can assist the 

radiologist in locating the PA. 

4.2 Materials and Methods 

4.2.1 Data acquisition and characteristics of the dataset 

4DCT data were retrospectively selected from May 2020 to March 2023, resulting in a dataset of thirty 

patients, constructed to reflect clinical practice in terms of the number and location of PAs (Table 2). In 

twenty-seven patients with primary hyperparathyroidism (PHPT), the 4DCT scan showed evidence of a 

PA together with a confirmatory PET scan and histopathological confirmation of a PA after surgery. In 
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three patients, the 4DCT scan showed no clear evidence of a PA, and another cause for their elevated 

parathyroid hormone (PTH) levels was later found (gastric bypass, medication, renal failure). The 

characteristics of each patient are given in Appendix B.  

Table 2: Characteristics of the dataset. 

Patient characteristics (n = 30) 

Age (years), mean (SD) 61 (11) 

Female, n (%) 25 (83.3) 

Weight (kg), mean (SD) 72.5 (17.5) 

Size of adenoma (mm), mean (SD) 12.6 (8.8) 

Number of adenomas  

Single adenoma, n (%) 24 (80) 

Double adenoma, n (%) 3 (10) 

No adenoma, n (%) 3 (10) 

Location of adenomas  

Upper left, n (%) 3 (11.1) 

Bottom left, n (%) 10 (37.0) 

Upper right, n (%) 1 (3.7) 

Bottom right, n (%) 7 (25.9) 

Ectopic, n (%) 3 (11.1) 

Bottom left & bottom right, n (%) 2 (7.4) 

Upper left & bottom right, n (%) 1 (3.7) 

PTH blood level (pmol/L)  

PTH pre-operative, mean (SD) 25.5 (19.7) 

PTH post-operative, mean (SD) 5.0 (5.3) 

 

All patients were scanned on the IQon dual-energy CT scanner (Philips Healthcare, Best, The 

Netherlands) with a slice thickness of 0.9 mm, a tube voltage of 120 kVp and a tube current-exposure 

time product value between 27 and 88 mAs. The 4DCT protocol at the Rijnstate Hospital consists of a 

non-contrast phase followed by the injection of 90-120 mL of iodinated intravenous contrast agent 

(Xenetix 300, Guerbet, Villepinte, France) at a flow rate of 3.5-5.0 mL/sec (Table 3). Bolus tracking in 

the proximal part of the descending aorta is used to monitor when a threshold of 150 Hounsfield units 

(HU) is reached. The arterial, venous and delayed venous phases were acquired at 10, 40 and 85 

seconds post-threshold delay, respectively. 

Table 3: Contrast protocol used for all enrolled patients who underwent a 4DCT scan. 

Weight (kg) Volume IV contrast / NaCl (mL) Flow (mL/s) 

<60 90 / 30 3.5 

60 - 80 100 / 30 4 

80 - 100 110 / 30 4.5 

100+ 120 / 30 5 
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4.2.2 Structure of the MRMC study 

Thirteen radiologists from the Rijnstate Hospital, with different levels of experience in interpreting 

4DCT scans, evaluated the case set five times with different combinations of 4DCT phases in each 

round. In the first round, the radiologists received only the arterial phase image to locate the PA, after 

which they received more images and therefore more information in each round. The fifth round 

represents the currently used protocol with all four 4DCT phases. In each round, the anonymised cases 

appeared in a randomised order, with a washout period of at least four weeks between each round. 

The different combinations of phases in each round are shown in Figure 12. The 4DCT scans were 

evaluated by the radiologists in the Sectra PACS environment (Sectra AB, Linköping, Sweden) with 

preset layouts. In each round, the axial images were displayed on the left screen and the coronal images 

on the right screen. In the third round, the enhancement map was added to the non-contrast and 

arterial phase images. A PowerPoint with instructions and eighteen test cases in PACS was provided to 

the radiologists, since they had no experience in assessing the enhancement map.  

 

Figure 12: The different combinations of phases that were provided to the radiologists in each round.  
The wash-out period between each round is set at a minimum of four weeks. 

 

For each patient, the radiologists were asked in a form to assess 

whether a PA was present and in which of the four thyroid 

quadrants (upper left, lower left, upper right, lower right) or 

ectopic they located the adenoma (Figure 13). This location in 

relation to the thyroid gland is usually written in the conclusion of 

the radiology report and is used by the surgeon to describe the 

location. The radiologists were also asked to mark the PA with an 

arrow in PACS, since this is usually also included in their radiology 

report. If the arrow did not match the location in relation to the 

thyroid, the principal investigators used the location of the arrow 

for the radiologist’s answer, which was compared to the ground 

truth. The ground truth was determined by the location of the PA 

according to the surgical report and pathology report. In cases where the ground truth was on a 

boundary between two quadrants, the principal investigators attempted to reach a consensus on the 

Figure 13: Locations that the radiologists 
were able to depict for the parathyroid 

adenoma. 
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location of the PA. Finally, for each case and each designated adenoma, the radiologists were asked for 

their level of confidence. The level of confidence was divided into four parts: 0-25%, 25-50%, 50-75% 

and 75-100% confidence. 

4.2.3 Data analysis 

Each patient case was divided into five cases, based on the possible locations of the PA relative to the 

thyroid, to increase the sample size. The result is thirty patients multiplied by five possible locations of 

the PA in relation to the thyroid, which equates to 150 cases assessed by the radiologist during each 

round. A true positive result is a case where the radiologist has correctly identified the PA, according 

to the ground truth. However, a true positive result is also given if the radiologist pointed to a lymph 

node in the same location in relation to the thyroid gland as the confirmed PA. This decision is based 

on the clinical implications. The surgeon will begin by making an incision at the location where the 

radiologist has placed the arrow in relation to the thyroid. The likelihood that the surgeon will still be 

able to identify the actual PA when inspecting this site, despite the radiologist pointing to a lymph node, 

is probably about the same as if the PA had been correctly identified earlier in the preoperative imaging. 

This is because the location of the PA on preoperative imaging is often slightly different from the actual 

intraoperative location of the PA. Also, in most cases, the surgeon is able to distinguish the PA from a 

lymph node. The principal investigators therefore felt that it was most important for the radiologist to 

place the arrow in the correct location in relation to the thyroid. In the end, the sensitivity, specificity 

and the area under the receiver operating characteristic (ROC) curve (AUC) were calculated for each 

reader with 95% confidence interval (CI) for all the investigated combinations of 4DCT phases. ROC 

curves were constructed to visualise the results.  

The AUC was calculated because it represents a trade-off between sensitivity and specificity, and 

because the level of confidence can be incorporated into the analysis and linked to the radiologists’ 

responses. The AUC was used to analyse whether the investigated combinations of phases were 

statistically significantly non-inferior to the current protocol (round 5). A non-inferiority design is 

chosen because the investigated combinations of phases do not necessarily have to perform better 

than the current protocol, but at least not worse. The non-inferiority margin (δ) was set at 0.05. Non-

inferiority to the current protocol was concluded if the mean difference in AUC with the investigated 

combination of phases, and the lower bound of the 95% CI was greater than -0.05. If the null hypothesis 

was not rejected, the investigated combination of phases may be inferior to the current protocol. 

𝐻0:     𝜃𝑅𝑜𝑢𝑛𝑑 𝑋 − 𝜃𝑅𝑜𝑢𝑛𝑑 5 = −𝛿 

𝐻1:     𝜃𝑅𝑜𝑢𝑛𝑑 𝑋 − 𝜃𝑅𝑜𝑢𝑛𝑑 5 > −𝛿 
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To obtain the mean AUC across all radiologists, the publicly available iMRMC software was used for 

analysis [40]. As described by Chen et al, the p-value for a non-inferiority test is equal to:   

                                                                     𝑝 = 2 (1 − 𝐹(𝑡; 𝑑𝑓0|𝐻0))                                                        (𝐸𝑞. 2) 

Where 𝐹(𝑡; 𝑑𝑓0|𝐻0) is the cumulative distribution function of the test statistic t under the null 

hypothesis [41]. An investigated combination of 4DCT phases may have a higher AUC than the currently 

used protocol. In this case, a superiority test is performed to determine whether superiority over the 

current protocol can be inferred [41]. An investigated combination of 4DCT phases was considered 

superior if the p-value was less than 0.05. 

In a subanalysis, the radiologists were divided into two groups, based on their level of experience with 

4DCT. The radiologists were asked about their level of experience with 4DCT before the first round of 

the study was assessed. This resulted in one group with a high level of experience with 4DCT, mainly 

consisting of neuroradiologists. The other group of radiologists had little to no experience with 4DCT, 

and consisted mostly of radiologists from other specialties within the field of radiology. The mean 

sensitivity, specificity, and AUC were calculated for both groups. The non-inferiority test was performed 

to determine whether the level of experience with 4DCT affected the number of 4DCT phases required. 

The AUCs of both groups were then compared at each round, to determine if the groups were 

significantly different using Student’s t-test. A significant difference between the two groups was 

considered if the p-value was less than 0.05. All statistical calculations were performed using statistical 

software (R version 4.0.3; R foundation for Statistical Computing). 

In an additional analysis, the mean sensitivity and specificity were calculated using MATLAB R2023b 

(The Mathworks, Natick, MA, USA) based on each PA identified by the radiologist, rather than 

calculating the mean sensitivity and specificity based on the possible locations of the PA relative to the 

thyroid. This method, based on each PA identified by the radiologist, limits statistical power and is 

therefore not suitable for a non-inferiority analysis. However, comparing the mean sensitivity and 

specificity with the main and subanalysis may provide useful additional insight. 

4.2.4 Radiologists’ view on the enhancement map 

In the third round, the enhancement map was introduced in the MRMC study. In addition to locating 

the PA in all cases, radiologists in this round were also asked to complete a form about the 

enhancement map (Figure 14). This form was created because the enhancement map was new to all 

radiologists and it was thought that the performance metrics of this round might differ from the 

opinion of the radiologists. Furthermore, the opinion of the radiologists can be used to further develop 

the enhancement map. The questions put to the radiologists are listed on the next page.  
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1. To what extent did you use the different 
phases in the third round to locate the PA? 
 

a. Non-contrast 
b. Arterial 
c. Enhancement map 

Never Rarely Sometimes Often Always 

⃝ ⃝ ⃝ ⃝ ⃝ 

⃝ ⃝ ⃝ ⃝ ⃝ 

⃝ ⃝ ⃝ ⃝ ⃝ 

2. The enhancement map gives me … in 
localizing the PA. 

More uncertainty More certainty 

1 2 3 4 5 6 7 8 9 10 

3. What is your opinion about the following 
aspects of the enhancement map? 
 

a. Image registration 
b. Colour scale 
c. Number of artefacts 

Very 
bad 

Bad Neutral Good 
Very 
good 

⃝ ⃝ ⃝ ⃝ ⃝ 

⃝ ⃝ ⃝ ⃝ ⃝ 

⃝ ⃝ ⃝ ⃝ ⃝ 

4. How likely is it that you would use the 
enhancement map in its current state to 
localise the PA in daily practice? 

Very unlikely Very likely 

1 2 3 4 5 6 7 8 9 10 

5. Which adjustments do you think are 
needed to the enhancement map in order 
to be able to use it in daily practice? 

 

6. How likely is it that you would use the 
enhancement map after optimization to 
localise the PA in daily practice? 

Very unlikely Very likely 

1 2 3 4 5 6 7 8 9 10 

7. How likely is it that you would recommend 
the enhancement map in its current state 
to other radiologists? 

Very unlikely Very likely 

1 2 3 4 5 6 7 8 9 10 

 

Figure 14: The form about the enhancement map provided to the radiologists. 
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4.3 Results 

4.3.1 Non-inferiority analysis over all radiologists 

The AUC of each investigated combination of 4DCT phases was statistically non-inferior to the AUC of 

the current four-phase 4DCT protocol (round 5). The difference in AUC between the first four rounds 

and the fifth round with corresponding p-values are shown in Table 4. The highest AUC was obtained 

in round 4 with 0.84, which is 0.03 higher than the AUC of the four-phase 4DCT protocol. Nevertheless, 

superiority of the AUC of round 4 over the AUC of the four-phase 4DCT protocol could not be 

established (p = 0.075). The lowest AUC was observed in round 3 with 0.80, which is 0.01 less than the 

AUC of the four-phase 4DCT protocol. The average ROC curves over all radiologists in each round are 

shown in Figure 15A. The average ROC curves of all rounds are close together, which was expected 

since non-inferiority was concluded for each round. The ROC curves of individual radiologists are shown 

in Figure 16 and show that there is a relatively large variability between the radiologists in each round. 

Sensitivity, specificity and AUC in each round for each radiologist can be found in Appendix C. 

4.3.2 Non-inferiority analysis for both groups of radiologists 

In a subanalysis, the radiologists were divided into two groups, based on their level of experience with 

4DCT assessment of PAs. For the experienced 4DCT radiologists, the AUC of the first, second and fourth 

rounds were statistically non-inferior to the AUC of the current four-phase 4DCT protocol. The 

difference in AUC between the first four rounds and the fifth round with corresponding p-values are 

shown in Table 4. The highest AUC for the experienced 4DCT group was obtained in round 4 with 0.86, 

which is 0.02 higher than the AUC of the four-phase 4DCT protocol. Nevertheless, superiority of the 

AUC of round 4 over the AUC of the four-phase 4DCT protocol could not be established (p = 0.408).  

The lowest AUC for this group was observed in round 3 with 0.82, which is 0.02 less than the AUC of 

the four-phase 4DCT protocol. The average ROC curves for the experienced 4DCT radiologists in each 

round are shown in Figure 15B.  

For the less experienced 4DCT radiologists, only the AUC of the fourth round was statistically non-

inferior to the AUC of the current four-phase 4DCT protocol. The difference in AUC between the first 

four rounds and the fifth round with corresponding p-values are shown in Table 4. The highest AUC for 

the experienced 4DCT group was obtained in round 4 with 0.82, which is 0.05 higher than the AUC of 

the four-phase 4DCT protocol. Nevertheless, superiority of the AUC of round 4 over the AUC of the 

four-phase 4DCT protocol could not be established (p = 0.151). The lowest AUC for this group was 

observed in rounds 3 and 5 with 0.77. The average ROC curves for the less experienced 4DCT 

radiologists in each round are shown together with the ROC curves for the experienced 4DCT 

radiologists in Figure 15B. 
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A comparison between the two groups of radiologists in each round showed that only the AUCs of the 

first round were statistically different between the two groups (p = 0.048). Figure 16A confirms this 

observation, since the average ROC curves for both groups are furthest apart in the first round. In 

addition, the average AUC of the experienced 4DCT group was higher than the average AUC of the less 

experienced 4DCT group in each round (Figure 16A-E). Furthermore, in each round, the radiologist with 

the lowest AUC is from the less experienced 4DCT group, and the radiologist with the highest AUC is 

from the experienced 4DCT group. All p-values and statistical outcomes of the comparison between 

the two groups of radiologists can be found in Appendix D. The ROC curves for each individual 

radiologist are shown in Appendix E.  

Table 4: Mean sensitivity, specificity and AUC with 95% CIs shown in brackets. Non-inferiority test of each investigated 
combination of 4DCT phases (rounds 1-4) compared to the currently used four-phase 4DCT protocol (round 5). The non-

inferiority tests are performed with all radiologists and also within the two groups. 

 Round 1 Round 2 Round 3 Round 4 Round 5 

 All radiologists together 

Sensitivity 0.68  0.64  0.64 0.70 0.64 

Specificity 0.94 0.96 0.94 0.97 0.96 

AUC 
0.82 

(0.76, 0.88) 
0.81 

(0.74, 0.87) 
0.80 

(0.73, 0.86) 
0.84 

(0.78, 0.90) 
0.81 

(0.75, 0.87) 

ΔAUC  
with Round 5 

0.01 
(-0.03, 0.05) 

0.00 
(-0.04, 0.04) 

-0.01  
(-0.04, 0.02) 

0.03 
(0.00, 0.07) 

 

P value 0.006 0.011 0.010 <0.001  

 Experienced 4DCT group 

Sensitivity 0.73 0.69 0.68 0.73 0.69 

Specificity 0.95 0.96 0.95 0.97 0.97 

AUC 
0.85 

(0.79, 0.92) 
0.83 

(0.76, 0.90) 
0.82 

(0.75, 0.89) 
0.86 

(0.78, 0.93) 
0.84 

(0.77, 0.91) 

ΔAUC  
with Round 5 

0.01 
(-0.05, 0.08) 

-0.01 
(-0.05, 0.04) 

-0.02  
(-0.06, 0.03) 

0.02 
(-0.03, 0.07) 

 

P value 0.046 0.038 0.086 0.014  

 Less experienced 4DCT group 

Sensitivity 0.62 0.58 0.60 0.66 0.58 

Specificity 0.92 0.97 0.93 0.97 0.96 

AUC 
0.78 

(0.71, 0.85) 
0.78 

(0.70, 0.85) 
0.77 

(0.70, 0.85) 
0.82 

(0.75, 0.89) 
0.77 

(0.70, 0.84) 

ΔAUC  
with Round 5 

0.01 
(-0.06, 0.08) 

0.01 
(-0.07, 0.09) 

0.00 
(-0.05, 0.06) 

0.05 
(-0.02, 0.12) 

 

P value 0.076 0.128 0.061 0.017  

 



24 
 

4.3.3 Sensitivity and specificity analysis per identified adenoma 

The observed mean sensitivity and specificity for the analysis per adenoma identified by the radiologist 

(Table 5) were consistently lower than the mean sensitivity and specificity for the analysis based on the 

possible locations of the PA relative to the thyroid (Table 4). The greatest decrease in mean sensitivity 

between the two analyses was observed in the less experienced 4DCT group. The large decrease in 

specificity for both groups can be explained by the small number of negative cases (n = 3) for this 

analysis, compared to 120 negative cases for the analysis based on the possible locations of the PA 

relative to the thyroid. The lowest mean specificity was observed in the first and third rounds, with 

values below 0.25. The lowest mean sensitivity and specificity for both analyses was observed in the 

less experienced 4DCT group.  

Table 5: Mean sensitivity and specificity calculated for the analysis per adenoma identified by the radiologist. 

 Round 1 Round 2 Round 3 Round 4 Round 5 

 All radiologists together 

Sensitivity 0.62 0.62 0.64 0.68 0.62 

Specificity 0.20 0.30 0.20 0.36 0.34 

 Experienced 4DCT group 

Sensitivity 0.69 0.69 0.68 0.72 0.69 

Specificity 0.24 0.34 0.21 0.38 0.38 

 Less experienced 4DCT group 

Sensitivity 0.54 0.54 0.59 0.63 0.56 

Specificity 0.15 0.26 0.18 0.34 0.29 
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Figure 15: Receiver operating characteristic (ROC) curves. (A) Each ROC curve is an average over all radiologists for each 
round. (B) Each ROC curve is an average over a group of radiologists with high or low 4DCT experience for each round. 

A                                         ROC curves in each round 

 
 

B                              ROC curves of both groups in each round                                 
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Figure 16: Individual and average receiver operating characteristic (ROC) curves for both groups of radiologists.  
Each ROC plot shows the results of a different round. 

A                              ROC curves of each radiologist in round 1 

 
 

B                              ROC curves of each radiologist in round 2 
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C                              ROC curves of each radiologist in round 3 

 
 

D                              ROC curves of each radiologist in round 4 
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E                              ROC curves of each radiologist in round 5 
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4.3.4 Radiologists’ view on the enhancement map 

The radiologists’ opinions of the enhancement map were collected and presented on the next page 

(Figure 17). The mean responses are shown as red dots and the range of the responses is shown as a 

red line. The first question showed that radiologists used the arterial phase the most, followed by the 

enhancement map, while the non-contrast phase was used the least. The second question showed that 

radiologists were more confident (average 7/10) in locating the PA using the enhancement map. 

However, some radiologists explained in the comments section that it was not necessarily more 

confidence, but that they used the enhancement map as a screening tool. The third question showed 

that radiologists were satisfied with image registration between the non-contrast and arterial phase 

images. The colour scale of the enhancement map was also well received by most radiologists. 

However, the number of artefacts was perceived as bad. The fourth question showed that the 

radiologists were very much willing to use the enhancement map in its current state (average 8/10). 

The fifth question was to obtain feedback on possible improvements to the enhancement map. The 

most common responses were that artefact reduction is crucial, that some would prefer the 

enhancement map in greyscale, and that some felt that no adjustments were necessary. The 

penultimate question showed that it is very likely (average 9/10) that radiologists will use the 

enhancement map after optimisation. The last question showed that radiologists participating in the 

MRMC study were likely to recommend the enhancement map to other radiologists (average 8/10). 
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1. To what extent did you use the different 
phases in the third round to locate the 
PA? 

a. Non-contrast 
b. Arterial 
c. Enhancement map 

Never Rarely Sometimes Often Always 

⃝ ⃝ ⃝ ⃝ ⃝ 

⃝ ⃝ ⃝ ⃝ ⃝ 

⃝ ⃝ ⃝ ⃝ ⃝ 

2. The enhancement map gives me … in 
localizing the PA. 

More uncertainty More certainty 

1 2 3 4 5 6 ❼ 8 9 10 

3. What is your opinion about the following 
aspects of the enhancement map? 

a. Image registration 
b. Colour scale 
c. Number of artefacts 

Very 
bad 

Bad Neutral Good 
Very 
good 

⃝ ⃝ ⃝ ⃝ ⃝ 

⃝ ⃝ ⃝ ⃝ ⃝ 

⃝ ⃝ ⃝ ⃝ ⃝ 

4. How likely is it that you would use the 
enhancement map in its current state to 
localise the PA in daily practice? 

Very unlikely Very likely 

1 2 3 4 5 6 7 ❽ 9 10 

5. Which adjustments do you think are 
needed to the enhancement map in order 
to be able to use it in daily practice? 

- Artefact reduction 
- No colour scale 
- No adjustments needed 

6. How likely is it that you would use the 
enhancement map after optimization to 
localise the PA in daily practice? 

Very unlikely Very likely 

1 2 3 4 5 6 7 8 ❾ 10 

7. How likely is it that you would 
recommend the enhancement map in its 
current state to other radiologists? 

Very unlikely Very likely 

1 2 3 4 5 6 7 ❽ 9 10 

 

Figure 17: The radiologists’ responses to the enhancement map. The mean responses are shown as red dots and the range of 
responses is shown as a red line. 
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4.4 Discussion 

An increase in information did not result in better PA localisation performance, which contrasts with 

our initial expectations. The currently used four-phase 4DCT protocol (round 5), did not yield the best 

performance in this study. The 4DCT protocol consisting of three phases (non-contrast, arterial and 

venous phase) has been demonstrated to yield the highest values in terms of sensitivity, specificity and 

AUC. The radiologist's level of experience with 4DCT does not affect this, since round 4 is the best 

scoring round for both groups. However, it should be noted that there is a large overlap in the 95% CI 

of the mean AUC of all rounds. The main question of this study is whether it is possible to eliminate 

one or more phases from the currently used four-phase 4DCT protocol, and whether this differs for 

radiologists with different levels of 4DCT experience. This MRMC study has shown that a reduction 

from four to three 4DCT phases is strongly recommended, since removal of the delayed venous phase 

from the 4DCT protocol resulted in non-inferior performance to the four-phase 4DCT protocol for both 

groups of radiologists. Superiority of the three-phase 4DCT protocol over the four-phase 4DCT protocol 

could not be inferred, suggesting that it may be possible to remove more than one phase.  

For radiologists with a high level of 4DCT experience, it is possible to achieve non-inferior performance 

to the four-phase 4DCT protocol with the non-contrast and arterial phases (round 2), and even with 

the arterial phase only (round 1). Nevertheless, the principal investigators of this study recommend the 

use of a two-phase protocol for the experienced 4DCT group, since the non-contrast phase has the 

ability to show attenuation differences in PAs adjacent to the thyroid gland [24], [29]. In addition, 

providing only the arterial phase, will increase the number of false positives due to lymph nodes being 

misinterpreted as PAs, which has major clinical implications. This was reflected in a low specificity in 

the first round, which was particularly evident in the analysis per identified adenoma. For the 

radiologists with little to no 4DCT experience, the investigated one- and two-phase 4DCT protocols 

were not non-inferior to the four-phase 4DCT protocol. Therefore, a three-phase 4DCT protocol is 

recommended for radiologists with less 4DCT experience.  

All investigated 4DCT protocols were non-inferior to the four-phase 4DCT protocol when the 

radiologists were not divided into groups, indicating that the number of phases does not affect PA 

localisation performance. However, this study has shown that it is important to distinguish between 

radiologists with different levels of 4DCT experience, since it affects the required number of 4DCT 

phases.  

The radiologists with a high level of experience in 4DCT assessment of PAs, consistently performed 

better than the group of radiologists who had little to no experience in 4DCT assessment of PAs. This is 

in line with our initial expectations that more experience with 4DCT would at least lead to better 
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performance and might also affect the number of phases required for both groups. The difference 

between the two groups was also tested statistically, which showed a statistically significant difference 

for the first round, where only the arterial phase was provided to the radiologists. There could be two 

reasons for this significant difference in the first round. Firstly, the experienced 4DCT group are familiar 

with assessing this type of scan, whereas the group with little to no 4DCT experience faced a learning 

curve which may have affected their initial performance. To minimise this effect, the radiologists were 

given test cases and a PowerPoint with instructions two weeks before the first round started. Secondly, 

locating a PA with only the arterial phase available is difficult even for experienced radiologists, let 

alone radiologists with little 4DCT experience.   

The results showed that the sensitivity of most radiologists is relatively low. The reported sensitivity of 

4DCT in the literature varies from 75 to 97%, whereas the mean sensitivity over the five rounds in our 

study varied from 68 to 73% for the experienced 4DCT group and from 58 to 66% for the inexperienced 

4DCT group [5], [24], [25]. This difference with the literature may be explained by the large number of 

readers with different levels of 4DCT experience in our study, whereas most other studies have 

investigated a small group of highly experienced radiologists in the 4DCT assessment of PAs. In addition, 

the ROC curves of individual radiologists showed a large variability between radiologists in each round. 

This suggests that 4DCT assessment of PAs may benefit from being performed by a small group of 

radiologists.  

The recommended 4DCT protocols do not include the enhancement map, but could there be a place 

for the enhancement map in the proposed 4DCT protocols since they include the non-contrast and 

arterial phases? In general, the radiologists were quite satisfied with the enhancement map. The initial 

aim of the enhancement map was to increase radiologists' confidence in 4DCT assessment of PAs. 

However, some radiologists used the enhancement map more as a screening tool. The form showed 

that they used the enhancement map frequently, were willing to use it in a clinical setting, and would 

recommend it to other radiologists. Despite these promising responses, the MRMC study showed that 

the addition of the enhancement map did not improve PA localisation performance. In both groups of 

radiologists, the observed mean sensitivity was quite comparable to the other rounds. However, 

specificity was strongly affected by radiologists incorrectly identifying structures for a PA, which was 

particularly evident in the analysis per identified adenoma. This was reflected in an observed mean 

specificity of less than 0.25 for both groups of radiologists. There are several possible reasons for the 

high number of false positives in the third round. Firstly, the radiologists were not familiar with the 

enhancement map. To minimise this effect, the radiologists were provided with test cases and a 

PowerPoint with instructions on the enhancement map. Secondly, the large number of cases with beam 

hardening artefacts could have affected the ability to locate the PAs. The radiologists responded in the 
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form that the number of artefacts was the most important aspect of the enhancement map to improve. 

Thirdly, the enhancement map may be difficult to interpret due to poor image registration between 

the non-contrast and arterial phase images in some cases. This idea was confirmed by a case-by-case 

analysis, since the cases in which the third round stood out in a negative way were mostly cases that 

had already been identified as difficult to read due to poor image registration. Removing these cases, 

improved the performance of the third round although it did not change the outcome of the 

recommended 4DCT protocols. The performance of PA localisation on the enhancement map may 

improve with more experience with the enhancement map.  

The case-by-case analysis also showed that the most challenging cases for all radiologists in each round 

were those where the PA was adjacent to the thyroid and the enhancement pattern of the PA was 

atypical. The case with the highest number of false positives had a large thyroid nodule that many 

radiologists misinterpreted as a PA. As a result, it is likely that many radiologists did not search further 

and therefore did not successfully locate the actual PA. Radiologists with little 4DCT experience also 

had difficulty with cases containing a double PA. Removing these difficult cases did not change the 

outcome of the recommended 4DCT protocols. The cases with the highest number of true positives 

contained either a large PA, a typical enhancement pattern of the PA, a PA that was not adjacent to the 

thyroid, or a combination. 

There are several limitations to our study. Firstly, although thirteen radiologists participated in this 

study - a relatively large number compared to similar studies - each group based on 4DCT experience 

was still relatively small, with only six and seven radiologists per group. With AUC values relatively close 

between groups, small changes in group composition could potentially affect the conclusions of the 

subanalysis. A larger number of radiologists per group would be needed to increase the reliability of 

our findings. Secondly, the radiologists were asked for their level of confidence for each identified PA 

and for each case where they did not find a PA. However, the analysis is performed based on the 

location in relation to the thyroid. Ideally, radiologists would have been asked for their level of 

confidence for each location in relation to the thyroid, thus aligning the analysis method with 

radiologist input. However, this was considered to be an onerous task for the radiologists, who had to 

assess the 4DCT scans in addition to their regular duties. Thirdly, the time spent by radiologists on each 

case was not measured. This is unfortunate, since this could have been helpful to gain more insight into 

the results. For example, in the last round where the performance was lower than expected, there is a 

feeling that the radiologists completed the cases quickly and reluctantly. However, it could also be the 

case that more information misleads the radiologists and only creates a distraction. Therefore, an 

indication of the time spent on each case would have been helpful in drawing conclusions. Fourthly, 

the empirically derived ROC curves may slightly underestimate actual performance due to limited data 
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in the lower specificity range. A binormal model is often used to construct smooth ROC curves to 

empirical points. This model was also applied to our data and the resulting ROC curves are shown in 

Appendix F. Although the binormal curves may slightly overestimate the performance - because the 

operating points don't fit the curves perfectly - the actual AUC values are likely to fall somewhere 

between the empirical and binormal estimates. However, it is the relative relationship between the 

AUC values rather than their absolute values that is of primary interest. Regardless of the approach 

used, the relative differences between the curves remained consistent, supporting the conclusions of 

the study. 

Finally, an important note, and not necessarily a limitation, is the method currently used to conclude 

non-inferiority. This method was chosen because it takes into account the clinical implications of the 

radiology report. The principal investigators believed that it was most important for the radiologist to 

mention the correct location in relation to the thyroid gland, since the surgeon is able to distinguish 

the PA from other structures at this location. In addition, the non-inferiority software used is not able 

to assign a false negative and false positive result to the location in relation to the thyroid when a 

structure, most commonly a lymph node, is misinterpreted as a PA. Nevertheless, the additional 

analysis that was performed based on each PA identified by the radiologist, assigned one false positive 

and one false negative result if the radiologist identified the wrong structure, rather than a true positive 

result. Comparing the sensitivities of the two methods may therefore provide an insight into the 

consequences of the current method used to conclude non-inferiority. For the experienced 4DCT 

group, only the first round was affected by a decrease in mean sensitivity from 0.73 to 0.69. This 

actually supports our recommendation to use a two-phase 4DCT protocol instead of a one-phase 4DCT 

protocol. For the less experienced 4DCT group, the first round was most affected by a decrease in mean 

sensitivity from 0.62 to 0.54, followed by the second round with a decrease from 0.58 to 0.54. This 

method, based on each PA identified by the radiologist, reduced the performance of the one- and two-

phase 4DCT protocols compared to the four-phase 4DCT protocol. This supports our recommendation 

to use a three-phase 4DCT protocol for less experienced 4DCT radiologists. Although a non-inferiority 

analysis could not be performed with the additional method, the principal investigators believe that 

the method currently used to conclude non-inferiority did not affect the proposed 4DCT protocols.  
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4.5 Conclusion 

In conclusion, this MRMC study demonstrated that it is possible to reduce the number of phases in the 

4DCT protocol, while maintaining localisation accuracy. A reduction from four to three 4DCT phases is 

strongly recommended for all radiologists. For experienced 4DCT radiologists, the number of phases 

could be further reduced to a one- or two-phase 4DCT protocol. The principal investigators recommend 

the use of the two-phase 4DCT protocol, because it reduces the number of false positives and makes 

it easier to differentiate between the PA and adjacent thyroid tissue. For radiologists with little to no 

4DCT experience, a three-phase 4DCT protocol is recommended. The addition of the enhancement 

map did not improve localisation performance, but this may improve as radiologists gain more 

experience with the enhancement map. The patient will benefit from the proposed 4DCT protocols, 

since the radiation dose can be reduced compared to the currently used four-phase 4DCT protocol.   
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5 Integrated 18F-Choline PET/4DCT: A pilot study 

5.1 Introduction 

The 4DCT MRMC study showed that it is possible to reduce the number of phases in the currently used 

four-phase 4DCT protocol and thus the radiation dose, while maintaining localisation accuracy. 

However, the localisation accuracy of 4DCT is not sufficient for many radiologists at the Rijnstate 

Hospital, who usually want more evidence of a PA to confirm their findings on 4DCT. Therefore, the 

4DCT scan is often followed by the increasingly popular 18F-Choline PET/CT scan. The sensitivity of 18F-

Choline PET/CT is the highest among all parathyroid imaging techniques, ranging from 85-97% [19], 

[21], [22]. Currently, the relatively high cost compared to the other parathyroid imaging techniques and 

the limited availability of PET/CT imaging systems prevent it from becoming the primary parathyroid 

imaging technique [23]. Therefore, 18F-Choline PET/CT is mostly used as secondary parathyroid imaging 

technique, to confirm the findings of the used primary imaging technique. 

The additional 18F-Choline PET/CT scan to confirm the findings of the 4DCT scan, requires an additional 

hospital visit for the patient. It would be beneficial for the patient to schedule the 4DCT scan and the 

18F-Choline PET/CT scan on the same day, and even more so if the 4DCT and 18F-Choline PET/CT could 

be integrated into a single 18F-Choline PET/4DCT examination (Figure 18). In a systematic review, 

Piccardo et al. found that integrated 18F-Choline PET/4DCT was superior to 4DCT, but only slightly better 

than 18F-Choline PET/CT [42]. However, 18F-Choline PET/4DCT has the advantage of having an arterial 

phase image, which often eases segmentation of the PA and surrounding structures. This segmentation 

can be used to construct 3D models to guide the surgeon in the search for the PA.  

The nuclear medicine department of the Rijnstate Hospital decided to investigate 18F-Choline PET/4DCT 

in a pilot study with non-contrast and arterial phase CT scans as a so-called ‘one-stop shop’ for PA 

localisation. To compare the localisation performance of 4DCT and 18F-Choline PET/CT with 18F-Choline 

PET/4DCT, a MRMC study such as the 4DCT study is needed. However, there is insufficient time to 

obtain histopathological confirmation of a PA, and furthermore a lot of time must again be demanded 

from the physicians. Therefore, the aim of this pilot study was changed to a quantitative comparison 

of CT images from the 18F-Choline PET/4DCT protocol with CT images from the 4DCT protocol. In 

addition, the total radiation dose of the 18F-Choline PET/4DCT protocol will be compared to the 18F-

Choline PET/CT and 4DCT protocols.  
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Figure 18: Example of a patient that is scanned with the 18F-Choline PET/4DCT protocol. (A) Non-contrast phase image,  
(B) Arterial phase image and (C) Fused 18F-Choline PET with the arterial phase CT image.  

The parathyroid adenoma is denoted by a red arrow. 

5.2 Materials and Methods 

5.2.1 Data acquisition 
18F-Choline PET/4DCT data were acquired from July 2024 to October 2024, resulting in a dataset of 

twenty-two patients. All 18F-Choline PET/4DCT patients were scanned on the Biograph Vision 600 

PET/CT scanner (Siemens Healthineers, Erlangen, Germany) with a slice thickness of 0.75 mm, and 

CARE Dose 4D under a tube voltage of 120 kVp and a reference tube current-exposure time product 

value of 116 mAs for the normal-dose CT scans. The low-dose CT scans for PET attenuation correction 

were acquired with a reference tube current-exposure time product value of 37 mAs.  

4DCT data were retrospectively selected from May 2020 to March 2023, resulting in a dataset of thirty 

patients. This is the same dataset used in the 4DCT multireader multicase study. All patients were 

scanned on the IQon dual-energy CT (DECT) scanner (Philips Healthcare, Best, The Netherlands) with a 

slice thickness of 0.9 mm, a tube voltage of 120 kVp, and a reference tube current-exposure time 

product value of 83 mAs for the non-contrast phase images and 53 mAs for the arterial phase images.  

18F-Choline PET/CT data were retrospectively selected from March 2024 to July 2024, resulting in a 

dataset of thirty patients. All 18F-Choline PET/CT patients were scanned on the Biograph Vision 600 

PET/CT scanner (Siemens Healthineers, Erlangen, Germany), with the main difference from the 18F-

Choline PET/4DCT protocol being a slice thickness of 3.00 mm. The only CT image acquired in this 18F-

Choline PET/CT protocol was a low-dose, non-contrast CT scan for PET attenuation correction and 

anatomical reference. The reference tube current-exposure time product was slightly increased to 58 

mAs for this low-dose CT scan to allow the radiologist to better recognize the contours of anatomical 

structures. 
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5.2.2 CT image quality 

The first goal was to compare the image quality of CT images from the 18F-Choline PET/4DCT protocol 

obtained using the Siemens Biograph Vision 600 PET/CT scanner with CT images from the 4DCT 

protocol obtained using the Philips IQon CT scanner. This comparison was made by focusing specifically 

on two key metrics: Signal-to-Noise Ratio (SNR) and Contrast-to-Noise Ratio (CNR). SNR measures the 

level of the desired signal against the background noise, while CNR measures the system’s ability to 

distinguish between the target and surrounding tissue. 

In the Sectra PACS environment (Sectra AB, Linköping, Sweden), regions of interest (ROIs) with a 

diameter of 5 mm were drawn on a slice of the non-contrast phase image within the thyroid gland for 

each patient. The thyroid gland was chosen as the target organ for calculating the SNR, since this was 

the most generalisable for each patient. All ROIs were reviewed and validated by J.K., a radiology 

resident with five years of experience. For each ROI, the mean Hounsfield units (HU) and standard 

deviation were noted and used to calculate the SNR for each patient (Eq. 3).  

                                                                                𝑆𝑁𝑅 =
𝑥̅𝑡𝑎𝑟𝑔𝑒𝑡

𝑠𝑡𝑎𝑟𝑔𝑒𝑡
                                                                 (𝐸𝑞. 3) 

Where 𝑥𝑡𝑎𝑟𝑔𝑒𝑡 is equal to the mean HU and 𝑠𝑡𝑎𝑟𝑔𝑒𝑡 to the standard deviation within the ROI. 

To calculate the CNR, ROIs with a diameter of 3 mm were drawn in the PA. Keeping the ROIs relatively 

small ensures that image quality is assessed and not the physiological process of heterogeneous 

contrast uptake in the PA. In this study, two approaches were used to estimate the CNR. First, the CNR 

between the thyroid gland and the PA was calculated on the arterial phase image, referred to as  

CNRPA-T. A low CNRPA-T does not necessarily indicate difficulty in differentiating the PA from the thyroid 

gland, since the adenoma is not always adjacent to the thyroid gland. Therefore, a second method was 

used: calculating the CNR between the PA on the arterial phase image and the PA on the non-contrast 

phase image, referred to as CNRA-NC. For each ROI, the mean and standard deviation were noted and 

used to calculate two CNRs for each patient (Eq. 4). 

                                                                     𝐶𝑁𝑅 =
𝑥̅𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑥̅𝑡𝑖𝑠𝑠𝑢𝑒

√𝑠𝑡𝑎𝑟𝑔𝑒𝑡
2 + 𝑠𝑡𝑖𝑠𝑠𝑢𝑒

2

                                                       (𝐸𝑞. 4) 

Where 𝑥𝑡𝑎𝑟𝑔𝑒𝑡 is equal to the mean HU and 𝑠𝑡𝑎𝑟𝑔𝑒𝑡 to the standard deviation within the ROI that was 

drawn in the PA on the arterial phase image. 𝑥𝑡𝑖𝑠𝑠𝑢𝑒 is equal to the mean HU and 𝑠𝑡𝑖𝑠𝑠𝑢𝑒 to the standard 

deviation within the ROI that was drawn either in the thyroid gland on the arterial phase image (for 

CNRPA-T) or in the PA on the non-contrast phase image (for CNRA-NC).  
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5.2.3 Total radiation dose 

The second goal was to compare the total radiation dose of the 18F-Choline PET/4DCT protocol with the 

18F-Choline PET/CT protocol, both scanned on the Siemens Biograph Vision 600 PET/CT scanner, and 

with the 4DCT protocol scanned on the Philips IQon CT scanner. The first protocol created for the 18F-

Choline PET/4DCT scan included a normal-dose non-contrast CT scan from the base of the skull to 

halfway up the liver. This non-contrast CT scan was used for PET attenuation correction and PA 

localisation. This was followed by a normal-dose arterial phase CT scan from the base of the skull to 

the carina. The hypothesis was that the 18F-Choline PET/4DCT scan should not result in more radiation 

exposure than a four-phase 4DCT scan because the 18F-Choline PET/4DCT scan uses only non-contrast 

and arterial phase images.  

The comparison in radiation dose was made by focusing specifically on two key metrics: Computed 

Tomography Dose Index Volume (CTDIvol) and Dose Length Product (DLP). While CTDIvol and DLP 

indicate the radiation dose output of a CT scanner, it is important to note that they do not directly 

measure the effective dose received by the patient. CTDIvol represents the average radiation dose 

output in a single CT slice and is measured in milligrays (mGy). It provides a standardised measure for 

comparing dose output between different CT protocols. DLP represents the total radiation dose over 

the entire scan length and is calculated as the product of CTDIvol and the scan length. DLP is measured 

in milligray-centimetres (mGy*cm).  

For each patient, CTDIvol and DLP were extracted from the dose evaluation report stored in the Sectra 

PACS environment. CTDIvol was recorded for each CT scan within the image protocol, while the total 

DLP was recorded as the cumulative dose over all CT scans. In addition, the body mass index (BMI) was 

recorded for each patient, since BMI can have a significant impact on radiation dose output; higher 

BMIs are often associated with increased dose requirements, since more radiation is required to 

penetrate a larger body mass [43].  

The radiation dose of the 18F-Choline PET/4DCT protocol was continuously evaluated during this pilot 

study and modifications to the 18F-Choline PET/4DCT protocol were made if high radiation dose metrics 

were observed.   

  



40 
 

5.3 Results 

5.3.1 CT image quality 

The median SNR of the CT images obtained using the Siemens Biograph Vision 600 PET/CT scanner was 

5.3 (IQR: 4.1, 8.0), which was lower than that of the Philips IQon CT scanner, with a median SNR of 12.0 

(IQR: 9.5, 14.4) (Figure 19). The interquartile ranges (IQRs) were relatively similar between the two 

imaging systems, but there was no overlap in the IQRs.  

The median CNRPA-T of the CT images obtained using the Siemens Biograph Vision 600 PET/CT scanner 

was -1.9 (IQR: -3.3, -0.3), which was closer to zero than that of the Philips IQon CT scanner, with a 

median CNRPA-T of -2.8 (IQR: -4.9, -1.3) (Figure 20). This closer to zero CNR on the Siemens Biograph 

Vision 600 PET/CT scanner suggests less contrast between the PA and the thyroid gland on the arterial 

phase image compared to the Philips IQon CT scanner. The IQRs of the CNRPA-T were relatively similar 

between the two imaging systems, while there was also a large overlap in the IQRs. 

The median CNRA-NC of the CT images obtained using the Siemens Biograph Vision 600 PET/CT scanner 

was 4.7 (IQR: 2.0, 6.8), which was closer to zero than that of the Philips IQon CT scanner, with a median 

CNRA-NC of 6.3 (IQR: 3.4, 8.6) (Figure 21). The IQRs of the CNRA-NC were relatively similar between the 

two imaging systems, while there was also a large overlap in the IQRs. 

 

Figure 19: Signal-to-noise ratio (SNR) comparison of CT images obtained using the Siemens Biograph Vision 600 PET/CT 
scanner with CT images obtained using the Philips IQon CT scanner. 
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Figure 20: Contrast-to-noise ratio (CNR) comparison of CT images obtained using the Siemens Biograph Vision 600 PET/CT 
scanner with CT images obtained using the Philips IQon CT scanner. CNRPA-T was measured between the parathyroid 

adenoma and the thyroid gland on the arterial phase image. 

 

 

Figure 21: Contrast-to-noise ratio (CNR) comparison of CT images obtained using the Siemens Biograph Vision 600 PET/CT 
scanner with CT images obtained using the Philips IQon CT scanner. CNRA-NC was measured between the parathyroid 

adenoma on the arterial phase image and the parathyroid adenoma on the non-contrast phase image. 
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5.3.2 Total radiation dose 

Analysis of the total DLP for the first six patients scanned with the 18F-Choline PET/4DCT protocol, 

showed that the total DLP was considerably higher for the 18F-Choline PET/4DCT protocol compared to 

both the 4DCT and 18F-Choline PET/CT protocols (Figure 22). To reduce the total DLP, the original 18F-

Choline PET/4DCT protocol was modified by splitting the non-contrast phase into two scans: a low-dose 

CT scan to halfway up the liver (for PET attenuation correction) and a normal-dose CT scan up to the 

carina (for PA localisation). The modification to the original 18F-Choline PET/4DCT protocol is shown in 

Table 6. 

Table 6: Modifications made to the 18F-Choline PET/4DCT protocol. 

 Scan 1 Scan 2 Scan 3 

Protocol 1 
(PT01 – PT06) 

Normal-dose,  
non-contrast CT scan  

(base of skull – mid-liver) 

Normal-dose,  
arterial CT scan  

(base of skull – carina) 
 

Protocol 2 
(PT07 – PT15) 

Low-dose,  
non-contrast CT-scan  

(base of skull – mid-liver) 

Normal-dose,  
non-contrast CT scan  

(base of skull – carina) 

Normal-dose,  
arterial CT scan  

(base of skull – carina) 

Protocol 3 
(PT16 – PT22) 

Low-dose,  
non-contrast CT scan  

(base of skull – mid-liver) 

Normal-dose,  
non-contrast CT scan  

(base of skull – carina) 

Normal-dose (dose saving 
optimised for CTA),  

arterial CT scan  
(base of skull – carina) 

 

Nine patients were included to confirm that the modification to the original 18F-Choline PET/4DCT 

protocol was successful. Analysis of the total DLP of these nine patients showed that the total DLP of 

the 18F-Choline PET/4DCT protocol was closer to the total DLP of the four-phase 4DCT protocol (Figure 

22). However, the total DLP of the second 18F-Choline PET/4DCT protocol was still greater than the total 

DLP of the four-phase 4DCT protocol, especially in patients with a higher BMI. Further analysis of the 

second 18F-Choline PET/4DCT protocol showed that the arterial phase CTDIvol was on average 50% 

higher than the non-contrast phase CTDIvol (Figure 23). Therefore, a second modification to the 18F-

Choline PET/4DCT protocol was made by optimising the dose-saving parameter for the arterial phase 

image (Table 6). After this modification, the CTDIvol of the arterial phase images was on average similar 

to the DLP of the non-contrast phase images (Figure 23). This modification should result in a further 

reduction in total DLP for patients scanned with the third 18F-Choline PET/4DCT protocol. However, this 

has not yet been observed in the seven patients scanned with this new protocol (Figure 22). Finally, 

total DLP showed greater variability in all three 18F-Choline PET/4DCT protocols compared to both the 

4DCT and 18F-Choline PET/CT protocols. 

The CTDIvol and total DLP data for each patient and each scan can be found in Appendix G. 
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Figure 22: Comparison of the total dose length product (DLP) for all three investigated 18F-Choline PET/4DCT protocols, the 
four-phase 4DCT protocol and the 18F-Choline PET/CT protocol. 

 

 

Figure 23: Relative percentual difference between the CTDIvol of the non-contrast and arterial phase images of the second 
and third 18F-Choline PET/4DCT protocols scanned on the Siemens Biograph Vision 600 PET/CT scanner.  

The orange coloured arrow indicates the first patient scanned with the third 18F-Choline PET/4DCT protocol,  
where the dose-saving parameter was optimized for arterial phase images.    
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5.4 Discussion 

5.4.1 CT image quality 

This pilot study demonstrated differences in image quality metrics between the Siemens Biograph 

Vision 600 PET/CT and Philips IQon CT scanners, with potential implications for PA localisation. The 

Siemens Biograph Vision 600 PET/CT scanner yielded a lower median SNR than the Philips IQon CT 

scanner (5.3 vs 12.0). Although the IQRs were similar, indicating comparable variability in SNR 

measurements, the lack of overlap in the IQRs suggests a potentially significant difference in SNR 

between the two imaging systems. In practice, this may indicate that the Philips IQon CT scanner 

provides images with greater clarity and detail, which may aid in the localisation of PAs.  

The Siemens Biograph Vision 600 PET/CT scanner yielded a median CNRPA-T and CNRA-NC closer to zero 

than the Philips IQon CT scanner (-1.9 and 4.7 vs -2.8 and 6.3). The relatively similar IQRs indicate 

comparable variability in CNRPA-T and CNRA-NC measurements between the two imaging systems, while 

the overlap in IQRs suggests that the observed differences in CNRPA-T and CNRA-NC between the two 

imaging systems are most likely not significant. These results suggest that although the SNR differs 

between the systems, the CNR remains comparable, implying similar contrast between the parathyroid 

adenoma and surrounding tissue on the two imaging systems. 

The difference in SNR between the two imaging systems was likely influenced by the different iterative 

reconstruction algorithms and slice thickness parameters used. The Siemens Biograph Vision 600 

PET/CT scanner uses the Sinogram-Affirmed Iterative Reconstruction (SAFIRE) method, while the 

Philips IQon CT scanner uses the Iterative Model Reconstruction (IMR) algorithm. The different iterative 

reconstruction algorithms may inherently affect noise levels and contrast, thus affecting the SNR and 

CNR values of the two imaging systems [44]. In addition, the CT images obtained using the Siemens 

Biograph Vision 600 PET/CT scanner had a slice thickness of 0.75 mm compared to 0.90 mm for the CT 

images obtained using the Philips IQon CT scanner. In general, thicker slices often result in improved 

SNR, which may partly explain the higher SNR measurements seen with the Philips IQon CT scanner 

[45]. 

5.4.2 Total radiation dose 

This pilot study demonstrated a relatively high radiation dose output for the original 18F-Choline 

PET/4DCT protocol scanned on the Siemens Biograph Vision 600 PET/CT scanner compared to the 4DCT 

protocol scanned on the Philips IQon CT scanner, with potential implications for the radiation dose 

received by the patient. This finding contrasted with our initial expectation that the 18F-Choline 

PET/4DCT protocol would not exceed the total DLP of a four-phase 4DCT scan. For the original 18F-

Choline PET/4DCT protocol, the total DLP is approximately the sum of the 4DCT and 18F-Choline PET/CT 
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protocols. A possible explanation for the higher total DLP is that the non-contrast phase image was 

acquired at a normal dose from the base of the skull to halfway up the liver, rather than up to the 

carina. As a result, modifications were made to the original 18F-Choline PET/4DCT protocol to reduce 

the total DLP.  

The first modification successfully reduced the total DLP of the 18F-Choline PET/4DCT protocol, bringing 

it closer to that of the 4DCT protocol. This second 18F-Choline PET/4DCT protocol includes an additional 

low-dose non-contrast CT scan from the base of the skull to halfway up the liver, but the contribution 

of this scan to the total DLP is comparable to, and mostly lower than, the normal-dose non-contrast CT 

scan from the base of the skull up to the carina. The second modification focused on dose efficiency of 

the arterial phase, and the results show that the modified protocol achieved comparable CTDIvol values 

for the non-contrast and arterial phase images within the 18F-Choline PET/4DCT protocol. However, the 

third 18F-Choline PET/4DCT protocol did not yet provide an additional reduction in total DLP. It is 

important to note that both CTDIvol and total DLP are strongly influenced by patient characteristics, 

such as BMI, which affect dose requirements for adequate image quality. Therefore, the limited number 

of patients scanned with the latest 18F-Choline PET/4DCT protocol, makes it difficult to draw firm 

conclusions about a reduction in radiation dose output.  

It is important to compare the radiation dose output of our latest 18F-Choline PET/4DCT protocol with 

the radiation dose output of 4DCT protocols from other hospitals, since the radiation dose output of 

18F-Choline PET/4DCT protocols from other hospitals could not be found. This comparison highlights 

the importance of further dose reduction in our 18F-Choline PET/4DCT protocol. Bunch et al. report that 

the DLP of 4DCT protocols is typically between 400 and 600 mGy*cm per CT phase, which would 

correspond to a patient effective dose for a four-phase 4DCT protocol between 12 and 18 mSv [5]. 

According to Raeymaeckers et al, the patient effective dose of 4DCT protocols in the literature ranges 

from 10.4 to 13.8 mSv, with their own protocol achieving a mean effective dose of 6.7 mSv [46]. On 

average, the total DLP of our latest 18F-Choline PET/4DCT protocol is approximately 700 mGy*cm. The 

patient effective dose, expressed in mSv, can be calculated according to the current guidelines of the 

International Commission on Radiological Protection (ICRP) 103 [27]. A conversion factor of 0.0075 was 

used, similar to that used by Raeymaeckers et al. This results in a patient effective dose of 5.3 mSv for 

our latest 18F-Choline PET/4DCT protocol, which is lower than the patient effective dose of 4DCT 

protocols reported in the literature. This suggests that although it is always recommended to aim for 

the lowest possible radiation dose, the total radiation dose of our 18F-Choline PET/4DCT protocol is 

already acceptable.    
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5.4.3 Recommendations 

According to the nuclear medicine physicians at the Rijnstate Hospital, the PA is very easy to localise 

with the new 18F-Choline PET/4DCT protocol. Although the actual localisation performance with the 

18F-Choline PET/4DCT protocol could not be determined in this short time frame, the expectations are 

very promising. Nevertheless, several recommendations were made that may improve image quality 

and reduce the total radiation dose of the 18F-Choline PET/4DCT protocol.  

Firstly, increasing the slice thickness from 0.75 mm to 1.0 mm may help to reduce image noise, by 

detecting more photons per slice, resulting in a higher SNR [45]. This modification could bring the image 

quality of our 18F-Choline PET/4DCT protocol closer to that of the 4DCT protocol, which uses a slice 

thickness of 0.9 mm. Increasing the slice thickness in a helical CT scan, as in our 18F-Choline PET/4DCT 

protocol, is unlikely to directly reduce the total radiation dose, since primary dose factors – such as 

tube current, voltage, scan time, scan range and pitch – remain unchanged [47]. Importantly, increasing 

the slice thickness to 1.0 mm is unlikely to affect PA localisation, since the smallest PA in the 4DCT 

database is 5 mm in diameter. Secondly, the low-dose non-contrast CT scan prior to the PET scan may 

be omitted and replaced by the normal-dose non-contrast CT scan, which can then be used for PET 

attenuation correction and PA localisation. This modification would make the protocol look similar to 

the original 18F-Choline PET/4DCT protocol, with the main difference being that the scan would extend 

only to the carina instead of halfway to the liver. The modification may result in a significant dose 

reduction, since evaluation of the liver requires a higher mAs value. This modification is not expected 

to affect PA localisation, since PAs are not located below the carina. Thirdly, it may be valuable to gain 

a deeper understanding of the CARE Dose kV algorithm (Siemens Healthineers, Erlangen, Germany) 

and its impact on radiation dose. CARE Dose kV allows for dose reduction by modulating the tube 

current and automatically selecting the optimal tube voltage according to the size and density of the 

individual patient [48]. This pilot study showed a relatively large increase in radiation dose output for 

patients scanned on the Siemens Biograph Vision 600, compared to the Philips IQon CT. Therefore, it 

may be useful to consult people within Siemens and review the settings in our 18F-Choline PET/4DCT 

protocol to investigate why patients with a high BMI show such a large increase in radiation dose 

output.  

Once the protocol has been optimised in terms of image quality and radiation dose, the suggestion 

would be to scan at least thirty patients with the same 18F-Choline PET/4DCT protocol on the Siemens 

Biograph Vision 600 PET/CT scanner. This will make it easier to compare the 18F-Choline PET/4DCT 

protocol with the 4DCT protocol on the Philips IQon CT scanner. If the CTDIvol of the CT scans in the 18F-

Choline PET/4DCT protocol is still relatively high compared to the CTDIvol of the CT scans in the 4DCT 

protocol, Siemens should be contacted and asked about the high radiation dose output compared to 
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the Philips IQon CT scanner. The effective dose to the patient may be acceptable, but the recommended 

18F-Choline PET/4DCT protocol, consisting of a normal-dose non-contrast and arterial phase image, 

should be about half that of a four-phase 4DCT protocol, which is not currently the case. In the future, 

an MRMC study should be performed to compare PA localisation with the optimised 18F-Choline 

PET/4DCT protocol with PA localisation with the 4DCT and 18F-Choline PET/CT protocols.  

5.5 Conclusion 

This pilot study demonstrated that the 18F-Choline PET/4DCT protocol achieved comparable CNR values 

but lower SNR values than the 4DCT protocol in terms of image quality. The total radiation dose of the 

18F-Choline PET/4DCT protocol is currently higher than the 4DCT protocol, but at an acceptable level of 

patient effective dose. The number of patients scanned with the latest 18F-Choline PET/4DCT protocol 

is still relatively small, making it difficult to draw firm conclusions. Recommendations were made to 

further improve the 18F-Choline PET/4DCT protocol in terms of image quality and radiation dose, so 

that a future MRMC study can determine the performance of PA localisation with the 18F-Choline 

PET/4DCT protocol with other PA imaging modalities. Overall, the 18F-Choline PET/4DCT protocol has 

proven to be a promising ‘one-stop shop’ alternative to the currently used imaging modalities, to the 

benefit of the patient and the hospital.  
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6 General discussion & Future perspectives 
The goal of this research was to develop the optimal localisation protocol for patients with a suspected 

parathyroid adenoma (PA) in terms of the number of examinations, the lowest possible total radiation 

dose and the highest localisation accuracy. The four-dimensional CT (4DCT) multireader, multicase 

(MRMC) study demonstrated that it is possible to reduce the number of phases in the 4DCT protocol 

from four to three, while maintaining localisation accuracy. For experienced 4DCT radiologists, the 

number of phases could be further reduced to a two-phase 4DCT protocol, halving the radiation dose 

compared to the currently used four-phase 4DCT protocol. The reduced radiation dose makes 4DCT 

more attractive as a primary imaging modality in any hospital. However, the sensitivity values in the 

4DCT MRMC study were relatively low, which may explain why many radiologists at the Rijnstate 

Hospital usually request a 18F-Choline PET/CT scan to confirm their findings on 4DCT.  

The additional 18F-Choline PET/CT scan to confirm the findings of the 4DCT scan, requires an additional 

hospital visit for the patient and also increases the demands on hospital staff and resources. The 

nuclear medicine department of the Rijnstate Hospital therefore decided to investigate the 

combination of 4DCT and 18F-Choline PET/CT into a single 18F-Choline PET/4DCT examination, creating 

a so-called ‘one-stop shop’ solution.  The pilot study showed that the total radiation dose of the 18F-

Choline PET/4DCT protocol is currently higher than the 4DCT protocol, but at an acceptable level of 

patient effective dose. The 18F-Choline PET/4DCT protocol achieved comparable Contrast-to-Noise 

Ratio (CNR) values but lower Signal-to-Noise Ratio (SNR) values than the 4DCT protocol in terms of CT 

image quality. Crucially, according to the nuclear medicine physicians at the Rijnstate Hospital who 

evaluate these scans, the PA is very easy to localise with the new 18F-Choline PET/4DCT protocol.  

The proposed 18F-Choline PET/4DCT protocol consists of non-contrast and arterial phase images, since 

the 4DCT MRMC study showed that the delayed venous phase could be safely removed without 

compromising localisation performance. The venous phase was useful for some radiologists, but this 

information could now be replaced by choline uptake information. The advantage of the 18F-Choline 

PET/4DCT protocol over 18F-Choline PET/CT is that it provides an arterial phase image, which often 

eases segmentation of the PA and surrounding structures. This segmentation can be used to construct 

3D models to guide the surgeon in the search for the PA, which the surgeons at the Rijnstate Hospital 

found very useful. In addition, PAs without strong choline uptake may show a rapid wash-in of the 

iodinated contrast agent, making it still possible to locate the PA. 

Magnetic resonance imaging (MRI) is not frequently used as pre-operative imaging modality for PA 

localisation due to motion artefacts, a low signal-to-noise ratio and suboptimal fat saturation. However, 

newer MRI technologies and the use of stronger magnets are able to overcome the initial challenges 
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of PA imaging, resulting in reported sensitivity and specificity values greater than 90% [49], [50], [51]. 

Diagnostic performance has improved particularly since the introduction of four-dimensional MRI 

(4DMRI). This technique is similar to 4DCT, in that a contrast agent is used to capture the enhancement 

kinetics of the PA. Unlike 4DCT, 4DMRI does not involve ionising radiation, which is a clear advantage. 

The anatomical information and enhancement kinetics of 4DMRI can also be combined with 18F-Choline 

PET to further increase the sensitivity and specificity of PA localisation. 18F-Choline PET/4DMRI shows 

promising results as a ‘one-stop shop’ preoperative imaging modality [52]. However, there are notable 

drawbacks, including the high cost and limited availability of PET/MR systems, the relatively long scan 

time and the discomfort that some patients experience with MRI. In addition, the pilot study on 18F-

Choline PET/4DCT demonstrated an acceptable patient effective dose, even lower than 4DCT protocols 

reported in the literature. Therefore, to the best of our knowledge, the benefits of switching to 18F-

Choline PET/4DMRI are unlikely to outweigh the challenges.  

In the future, the 4DCT and 18F-Choline PET/4DCT protocols may be further optimised to improve PA 

localisation performance and reduce radiation dose. Further optimisation of the 4DCT protocol could 

be sought in virtual non-contrast (VNC) imaging by using material decomposition based on more than 

three materials. VNC images can be reconstructed from a contrast-enhanced image by scanning on 

dual-energy CT (DECT) scanners. DECT is based on the acquisition or detection of two photon spectra, 

one high energy and one low energy. This allows material decomposition based on low and high kVp 

attenuation of two or three materials such as iodine, water and calcium. A study by Leiva-Salinas et al. 

showed that the performance metrics for PA localisation with VNC images and arterial phase images 

were comparable to those for the combination of true non-contrast and arterial phase images [53]. A 

previous study at the Rijnstate Hospital on VNC imaging in PAs offered less perspective due to the 

almost complete removal of intrinsic iodine in the thyroid gland. Because of this removal, the PA could 

not be distinguished from the thyroid gland on the VNC image. After presenting these findings to 

people within Philips, they came up with the idea to investigate whether a four-material decomposition 

technique would lead to better results from the VNC algorithm. The intrinsic iodine in the thyroid might 

then be better separated from the extrinsic iodine in the thyroid. Future research could demonstrate 

whether four-material decomposition preserves the intrinsic iodine in the thyroid, resulting in VNC 

images that are closer to the true non-contrast images. This would provide opportunities to further 

reduce the radiation dose in the proposed 4DCT protocols.    

Further optimisation of the 18F-Choline PET/4DCT protocol in terms of image quality and radiation dose 

could be sought by investigating the recommendations suggested in Chapter 5: increasing slice 

thickness, omitting the low-dose non-contrast CT scan prior to the PET scan and gaining a better 

understanding of the CARE Dose kV algorithm. The image quality should be comparable to the 4DCT 



50 
 

protocol, while the radiation dose should ideally not exceed that of the 4DCT protocol. Once the 18F-

Choline PET/4DCT protocol has been optimised in terms of image quality and radiation dose, it is 

proposed to scan at least thirty patients to establish a database of patients scanned with the same 18F-

Choline PET/4DCT protocol with histopathological confirmation of a PA after surgery. This is necessary 

for a future MRMC study to compare the 18F-Choline PET/4DCT protocol with the 4DCT and 18F-Choline 

PET/CT protocols in terms of PA localisation. A cost-effectiveness study can then be conducted to 

determine whether this ‘one-stop shop’ examination is cost-effective in clinical practice. The hypothesis 

is that radiologists and nuclear medicine physicians will locate the PA more quickly and with greater 

certainty using the 18F-Choline PET/4DCT protocol compared to the 4DCT and 18F-Choline PET/CT 

protocols, and that it will also be cost-effective because fewer examinations are required to locate the 

PA with certainty.  

In conclusion, the goal of this research was to develop the optimal localisation protocol for patients 

with a suspected PA in terms of the number of examinations, the lowest possible total radiation dose 

and the highest localisation accuracy. The 4DCT multireader, multicase (MRMC) study demonstrated 

that it is possible to reduce the number of phases in the 4DCT protocol from four to three, while 

maintaining localisation accuracy. For experienced 4DCT radiologists, the number of phases could be 

further reduced to a two-phase 4DCT protocol, halving the radiation dose compared to the current 

four-phase 4DCT protocol. 4DCT is widely available and, with the reduction in radiation dose, is a good 

alternative to cervical ultrasonography (US) and 99mTc-Sestamibi SPECT (Tc-MIBI) in the first stage of PA 

localisation. In addition, the pilot study on the 18F-Choline PET/4DCT protocol has shown that it could 

be a promising ‘one-stop shop’ alternative for the benefit of the patient and the hospital. While 18F-

Choline PET/CT is not available in every hospital, where it is, it could potentially provide even better PA 

localisation than 4DCT. Future research should determine the performance of PA localisation with the 

18F-Choline PET/4DCT protocol, and also investigate its cost-effectiveness. Ultimately, 18F-Choline 

PET/4DCT has the potential to meet the objectives of this study by providing a highly accurate, low-

radiation, and ‘one-stop shop’ solution for PA localisation, thereby improving patient care and hospital 

workflow. 
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Appendices 

Appendix A 
Table 7: Analysis of the contrast between the PA and thyroid tissue on the subtraction map  

and the contrast on the enhancement map for each included patient. 

Patient PA (mean HU) Thyroid (mean HU) Contrast on 
subtraction map 

Contrast on 
enhancement map Non-

contrast 
Arterial Non-

contrast 
Arterial 

1 38 122 70 125 29 142 

2 39 118 110 188 1 132 

3 48 206 87 168 77 236 

4 56 203 108 268 -13 114 

5 56 110 99 226 -73 -32 

6 17 50 98 160 -29 131 

7 35 132 50 140 7 97 

8 9 53 43 136 -49 273 

9 66 156 94 151 33 76 

10 64 112 84 198 -66 -61 

11 32 87 68 186 -63 -2 

12 34 62 160 234 -46 36 

13 75 192 115 230 2 56 

14 49 175 100 195 31 162 

15 40 160 121 193 48 240 

16 79 200 100 220 1 33 

17 65 185 75 237 -42 -31 

18 29 189 81 210 31 392 

19 57 222 103 249 19 148 

20 66 187 96 199 18 76 

21 69 123 136 240 -50 2 

22 44 148 84 243 -55 47 

23 10 165 76 231 0 1346 

24 43 185 85 230 -3 160 

25 79 150 91 213 -51 -44 

26 16 73 89 227 -81 201 

27 24 169 93 237 1 449 
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Appendix B 
Table 8: Baseline characteristics of the data. 

Patient Gender Age Weight Nr. of 
adenomas 

Adenoma 
location 

Adenoma 
size (mm) 

PTH (pre-op 
– post-op) 

1 V 60 72 1 Bottom left 6 12.4 – 2.2 

2 M 53 88 1 Bottom left 9 15.1 – 2.2 

3 M 54 67 2 Upper left & 
bottom right 

5 & 20 52.1 – 8.4 

4 V 60 66 2 Bottom left & 
bottom right 

9 & 11 11.8 – 4.9 

5 V 24 118 1 Upper right 7 21.8 – 1.9 

6 V 76 75 1 Bottom left 14 19.3 – 2.9 

7 V 58 126 1 Bottom left 8 23.8 – 3.6 

8 V 46 80 1 Bottom left 13 8.1 – 3.4 

9 V 61 62 1 Bottom right 6 17.7 – 3.0 

10 V 47 80 1 Bottom right 13 9.6 – 2.8 

11 V 60 69 1 Bottom right 15 72.8 – 27.2 

12 M 74 90 1 Bottom right 30 81.0 – 16.4 

13 V 57 69 1 Bottom right 7 14.7 – 2.4 

14 V 76 55 1 Bottom left 18 15.7 – 2.9 

15 V 75 53 1 Upper left 13 15.3 – 5.5 

16 M 51 84 1 Bottom left 5 16.8 – 1.5 

17 V 69 62 1 Bottom left 5 23.9 – 3.3 

18 V 66 59 1 Bottom left 16 9.7 – 2.3 

19 V 63 44 1 Upper left 13 37.5 – 4.0 

20 V 67 77 1 Ectopic 9 7.0 – 4.1 

21 M 53 76 2 Bottom left & 
bottom right 

11 & 13 65.5 – 8.8 

22 V 58 68 1 Bottom left 45 41.5 – 6.6 

23 V 67 90 1 Bottom right 6 17.0 – 3.2 

24 V 67 68 1 Bottom right 6 17.5 – 2.3 

25 V 46 64 1 Upper left 10 15.3 – 1.8 

26 V 76 47 1 Ectopic 5 29.7 – 4.9 

27 V 69 67 1 Ectopic 30 16.4 – 3.5 

28 V 56 71 0 
   

29 V 69 73 0 
   

30 V 70 55 0 
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Appendix C 

These tables show the sensitivity, specificity and AUC of each reader in each round. The colours next 

to the readers indicate to which group they belong. A blue colour indicates that this reader belongs to 

the experienced 4DCT group, whereas a red colour indicates that this reader had little to no experience 

with 4DCT. There is also a figure showing the mean sensitivity, specificity and AUC in each round, 

together with the sensitivity, specificity and AUC for each reader.  

Table 9: Empirical AUC values of individual readers in every round. The 95% CI is shown in brackets. 

 Round 1 Round 2 Round 3 Round 4 Round 5 

 Reader 01 0.87 0.85 0.81 0.79 0.81 

 Reader 02 0.78 0.75 0.77 0.80 0.74 

 Reader 03 0.88 0.85 0.90 0.95 0.86 

 Reader 04 0.78 0.75 0.78 0.82 0.81 

 Reader 05 0.78 0.72 0.78 0.71 0.68 

 Reader 06 0.71 0.80 0.66 0.85 0.67 

 Reader 07 0.83 0.80 0.78 0.80 0.80 

 Reader 08 0.90 0.81 0.82 0.81 0.83 

 Reader 09 0.85 0.86 0.87 0.89 0.85 

 Reader 10 0.76 0.79 0.81 0.84 0.89 

 Reader 11 0.86 0.85 0.75 0.87 0.80 

 Reader 12 0.94 0.92 0.90 0.94 0.93 

 Reader 13 0.73 0.73 0.78 0.84 0.82 

 
Mean 

0.82 
(0.76, 0.88)  

0.81 
(0.74, 0.87) 

0.80 
(0.73, 0.86) 

0.84 
(0.78, 0.90) 

0.81 
(0.75, 0.87) 
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Table 10: Sensitivity and specificity of each reader in every round. The 95% CI is shown in brackets. 
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Figure 24: Mean sensitivity, specificity and AUC with 95% CI in every round. Sensitivity and specificity of individual readers 
are also shown to the right of the mean values. (A) Sensitivity over all radiologists, (B) Sensitivity for both groups,  

(C) Specificity over all radiologists, (D) Specificity for both groups, (E) AUC over all radiologists and  
(F) AUC for both groups. 
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Appendix D 
Table 11: Test for equality to see if both groups achieve significantly different scores in AUC, for each round. 

 Round 1 Round 2 Round 3 Round 4 Round 5 

AUC of 
experienced 
4DCT group 

0.85 
(0.79, 0.92) 

0.83 
(0.76, 0.90) 

0.82 
(0.75, 0.89) 

0.86 
(0.78, 0.93) 

0.84 
(0.77, 0.91) 

AUC of less 
experienced 
4DCT group 

0.78 
(0.71, 0.85) 

0.78 
(0.70, 0.85) 

0.77 
(0.70, 0.85) 

0.82 
(0.75, 0.89) 

0.77 
(0.70, 0.84) 

ΔAUC 
0.07 

(0.00, 0.15) 
0.05 

(-0.01, 0.12) 
0.05 

(-0.03, 0.13) 
0.04 

(-0.04, 0.12) 
0.07 

(-0.02, 0.15) 

P value 0.048 0.095 0.211 0.317 0.122 

Outcome Difference No difference No difference No difference No difference 
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Appendix E 
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Appendix F 

                                     Binormal ROC curves in each round 

 
 

                         Binormal ROC curves of both groups in each round                                 
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                         Binormal ROC curves of each radiologist in round 1 

 
 

                         Binormal ROC curves of each radiologist in round 2 
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                         Binormal ROC curves of each radiologist in round 3 

 
 

                         Binormal ROC curves of each radiologist in round 4 
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                         Binormal ROC curves of each radiologist in round 5 
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Appendix G 

 

BMI 18.5 – 24.9  BMI 25.0 – 34.9  BMI > 35.0 

 

18F-Choline PET/4DCT 

 Scan 1 Scan 2 Scan 3 

Protocol 1 
(PT01 – PT06) 

Normal-dose,  
non-contrast CT scan  

(base of skull – mid-liver) 

Normal-dose,  
arterial CT scan  

(base of skull – carina) 
 

Protocol 2 
(PT07 – PT15) 

Low-dose,  
non-contrast CT scan  

(base of skull – mid-liver) 

Normal-dose,  
non-contrast CT scan  

(base of skull – carina) 

Normal-dose,  
arterial CT scan  

(base of skull – carina) 

Protocol 3 
(PT16 – PT22) 

Low-dose,  
non-contrast CT scan  

(base of skull – mid-liver) 

Normal-dose,  
non-contrast CT scan  

(base of skull – carina) 

Normal-dose (dose saving 
optimised for CTA),  

arterial CT scan  
(base of skull – carina) 

 

 

Non-contrast phase CT scan before PET scan (for PET attenuation correction) 

 

Patient Gender BMI kV mAs / ref CTDIvol 
(mGy) 

DLP 
(mGy*cm) 

01 Male 26.9 120 154 / 116 11.77 513.5 

02 Female 32.0 120 150 / 116 17.53 780.7 

03 Female 23.5 100 115 / 201 5.15 209.4 

04 Male 22.2 140 73 / 80 8.57 475.2 

05 Female 29.3 140 92 / 80 10.80 531.0 

06 Female 28.0 140 119 / 80 13.90 816.3 

07 Male 24.9 120 26 / 37 2.03 122.6 

08 Female 25.6 120 39 / 37 2.98 154.6 

09 Female 26.3 120 37 / 37 2.82 150.8 

10 Female 25.7 120 25 / 37 1.97 94.7 

11 Male 45.3 140 57 / 26 6.73 359.5 

12 Male 28.1 120 50 / 37 3.87 199.1 

13 Female 20.5 120 23 / 37 1.78 94.9 

14 Female 28.3 140 37 / 26 4.41 181.8 

15 Female 28.3 120 37 / 37 2.89 116.2 

16 Male 29.6 140 44 / 26 5.13 260.9 

17 Male 34.4 140 40 / 26 4.65 219.5 

18 Male 21.4 120 37 / 37 2.92 160.9 

19 Female 39.0 140 43 / 26 5.04 239.4 

20 Female 28.1 120 53 / 37 4.09 203.8 

21 Female 32.1 140 45 / 26 5.23 262.6 

22 Female 27.8 120 48 / 37 3.71 198.3 
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Non-contrast phase CT scan after PET scan (for PA localisation) 

 

Arterial phase CT scan after PET scan (for PA localisation) 

 

Patient Gender BMI kV mAs / ref CTDIvol 
(mGy) 

DLP 
(mGy*cm) 

07 Male 24.9 120 62 / 116 4.76 105.7 

08 Female 25.6 120 67 / 116 5.14 102.1 

09 Female 26.3 120 68 / 116 5.20 147.0 

10 Female 25.7 120 50 / 116 3.87 107.3 

11 Male 45.3 140 120 / 80 14.04 438.5 

12 Male 28.1 120 122 / 116 9.30 267.6 

13 Female 20.5 100 78 / 201 3.49 101.7 

14 Female 28.3 120 127 / 116 9.68 288.5 

15 Female 28.3 120 77 / 116 5.87 172.7 

16 Male 29.6 140 104 / 80 12.15 425.1 

17 Male 34.4 120 134 / 116 10.25 293.5 

18 Male 21.4 120 92 / 116 7.01 242.5 

19 Female 39.0 140 90 / 80 10.55 337.9 

20 Female 28.1 120 83 / 116 6.90 172.4 

21 Female 32.1 120 138 / 116 10.53 270.4 

22 Female 27.8 120 76 / 116 5.84 148.0 

Patient Gender BMI kV mAs / ref CTDIvol 
(mGy) 

DLP 
(mGy*cm) 

01 Male 26.9 100 196 / 150 8.75 251.2 

02 Female 32.0 100 228 / 150 10.20 254.1 

03 Female 23.5 100 140 / 150 6.24 168.0 

04 Male 22.2 100 157 / 150 7.02 136.1 

05 Female 29.3 100 164 / 150 7.31 198.3 

06 Female 28.0 100 190 / 150 8.47 257.9 

07 Male 24.9 100 176 / 150 7.86 177.2 

08 Female 25.6 100 183 / 150 8.18 163.1 

09 Female 26.3 100 180 / 150 8.03 227.4 

10 Female 25.7 100 162 / 150 7.23 200.3 

11 Male 45.3 120 182 / 116 13.93 430.5 

12 Male 28.1 120 151 / 116 11.52 329.1 

13 Female 20.5 100 150 / 150 6.71 195.4 

14 Female 28.3 120 156 / 116 11.93 351.8 

15 Female 28.3 100 190 / 150 8.49 251.9 

16 Male 29.6 120 165 / 116 12.63 443.9 

17 Male 34.4 100 183 / 125 8.18 234.8 

18 Male 21.4 100 165 / 125 7.34 252.4 

19 Female 39.0 120 155 / 116 11.83 377.9 

20 Female 28.1 100 155 / 125 6.90 188.4 

21 Female 32.1 100 188 / 125 8.40 217.5 

22 Female 27.8 100 146 / 125 6.53 163.9 
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Total DLP of 18F-Choline PET/4DCT protocol 

Patient Gender BMI Total DLP (mGy*cm) 

01 Male 26.9 775 

02 Female 32.0 1049 

03 Female 23.5 386 

04 Male 22.2 621 

05 Female 29.3 737 

06 Female 28.0 1083 

07 Male 24.9 416 

08 Female 25.6 425 

09 Female 26.3 534 

10 Female 25.7 408 

11 Male 45.3 1239 

12 Male 28.1 804 

13 Female 20.5 400 

14 Female 28.3 829 

15 Female 28.3 550 

16 Male 29.6 1142 

17 Male 34.4 754 

18 Male 21.4 665 

19 Female 39.0 960 

20 Female 28.1 571 

21 Female 32.1 758 

22 Female 27.8 517 
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4DCT 

Non-contrast phase CT scan (same applies to the (delayed) venous CT scan) 

Patient Gender BMI kV mAs / ref CTDIvol 
(mGy) 

DLP 
(mGy*cm) 

01 Female 21.0 120 29 / 83 2.7 92.6 

02 Male 23.0 120 39 / 83 3.6 133.1 

03 Female 24.6 120 33 / 83 3.0 100.7 

04 Female 25.3 120 41 / 83 3.8 129.4 

05 Male 33.5 120 69 / 83 6.4 203.3 

06 Female 29.2 120 43 / 83 4.0 139.5 

07 Male 21.9 120 36 / 83 3.3 92.9 

08 Female 22.0 120 35 / 83 3.2 86.8 

09 Female 21.0 120 30 / 83 2.8 96.9 

10 Female 36.5 120 70 / 83 6.5 212.9 

11 Female 26.7 120 42 / 83 3.9 110.9 

12 Female 26.0 120 38 / 83 3.5 123.9 

13 Female 22.5 120 37 / 83 2.9 97.8 

14 Female 27.7 120 47 / 83 3.6 112.0 

15 Female 20.0 120 48 / 83 3.6 125.0 

16 Female 46.4 120 89 / 83 6.8 210.0 

17 Female 28.7 120 39 / 83 3.0 108.0 

18 Female 21.1 120 31 / 83 2.4 86.2 

19 Female 28.3 120 44 / 83 3.4 120.0 

20 Female 34.6 120 61 / 83 4.7 135.0 

21 Female 22.1 120 29 / 83 2.2 78.1 

22 Female 20.3 120 29 / 83 2.3 72.0 

23 Female 24.2 120 37 / 83 2.8 103.0 

24 Female 22.2 120 34 / 83 2.6 88.7 

25 Male 33.8 120 70 / 83 5.4 191.0 

26 Male 24.7 120 45 / 83 3.6 110.0 

27 Female 29.3 120 49 / 83 3.8 118.0 

28 Female 26.1 120 39 / 83 3.1 123.0 

29 Female 18.9 120 27 / 83 2.1 72.1 

30 Female 26.7 120 34 / 83 2.7 91.4 
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Arterial phase CT scan 

Patient Gender BMI kV mAs / ref CTDIvol 
(mGy) 

DLP 
(mGy*cm) 

01 Female 21.0 120 19 / 53 1.7 58.3 

02 Male 23.0 120 25 / 53 2.3 85.0 

03 Female 24.6 120 21 / 53 1.9 63.8 

04 Female 25.3 120 26 / 53 2.4 81.7 

05 Male 33.5 120 45 / 53 4.1 135.4 

06 Female 29.2 120 27 / 53 2.5 87.2 

07 Male 21.9 120 23 / 53 2.1 59.1 

08 Female 22.0 120 22 / 53 2.1 56.9 

09 Female 21.0 120 19 / 53 1.8 62.3 

10 Female 36.5 120 44 / 53 4.2 140.0 

11 Female 26.7 120 27 / 53 2.5 71.1 

12 Female 26.0 120 24 / 53 2.2 77.9 

13 Female 22.5 120 23 / 53 1.8 60.7 

14 Female 27.7 120 30 / 53 2.3 71.5 

15 Female 20.0 120 31 / 53 2.3 80.2 

16 Female 46.4 120 56 / 53 4.4 139.0 

17 Female 28.7 120 26 / 53 2.0 75.3 

18 Female 21.1 120 20 / 53 1.5 53.9 

19 Female 28.3 120 28 / 53 2.2 77.7 

20 Female 34.6 120 39 / 53 3.0 86.4 

21 Female 22.1 120 18 / 53 1.4 49.7 

22 Female 20.3 120 19 / 53 1.5 48.2 

23 Female 24.2 120 23 / 53 1.8 66.5 

24 Female 22.2 120 22 / 53 1.7 58.0 

25 Male 33.8 120 44 / 53 3.4 121.0 

26 Male 24.7 120 29 / 53 2.3 70.3 

27 Female 29.3 120 31 / 53 2.5 77.7 

28 Female 26.1 120 25 / 53 1.9 75.5 

29 Female 18.9 120 17 / 53 1.3 44.6 

30 Female 26.7 120 22 / 53 1.7 57.6 
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Total DLP of 4DCT protocol 

Patient Gender BMI Total DLP (mGy*cm) 

01 Female 21.0 366 

02 Male 23.0 511 

03 Female 24.6 396 

04 Female 25.3 493 

05 Male 33.5 788 

06 Female 29.2 529 

07 Male 21.9 360 

08 Female 22.0 335 

09 Female 21.0 375 

10 Female 36.5 793 

11 Female 26.7 429 

12 Female 26.0 469 

13 Female 22.5 371 

14 Female 27.7 437 

15 Female 20.0 468 

16 Female 46.4 790 

17 Female 28.7 437 

18 Female 21.1 326 

19 Female 28.3 454 

20 Female 34.6 507 

21 Female 22.1 299 

22 Female 20.3 289 

23 Female 24.2 394 

24 Female 22.2 349 

25 Male 33.8 721 

26 Male 24.7 428 

27 Female 29.3 451 

28 Female 26.1 468 

29 Female 18.9 277 

30 Female 26.7 361 
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18F-Choline PET/CT 

Non-contrast CT scan before PET scan 

Patient Gender BMI kV mAs / ref CTDIvol 
(mGy) 

DLP 
(mGy*cm) 

01 Female 27.5 120 37 / 58 2.8 151.9 

02 Female 23.7 120 38 / 58 2.9 141.7 

03 Female 23.3 120 35 / 58 2.7 129.9 

04 Female 21.3 120 32 / 58 2.5 118.3 

05 Female 30.9 140 45 / 40 5.3 216.1 

06 Male 26.3 120 53 / 58 4.1 189.0 

07 Female 30.5 120 58 / 58 4.4 170.2 

08 Female 30.1 140 49 / 40 5.8 281.0 

09 Female 23.2 120 42 / 58 3.2 137.9 

10 Female 20.7 120 35 / 58 2.7 144.0 

11 Female 26.1 120 52 / 58 4.0 213.5 

12 Female 24.6 120 50 / 58 3.9 159.7 

13 Male 28.2 140 45 / 40 5.3 281.8 

14 Female 37.0 140 50 / 40 5.9 271.0 

15 Male 29.7 140 51 / 40 6.0 280.7 

16 Male 27.1 120 58 / 58 4.4 233.8 

17 Female 45.4 140 75 / 40 8.8 424.2 

18 Male 28.8 140 44 / 40 5.2 237.7 

19 Female 26.0 120 66 / 58 5.0 241.3 

20 Male 24.3 120 48 / 58 3.7 198.2 

21 Female 30.8 140 40 / 40 4.7 219.2 

22 Female 34.7 140 78 / 40 9.1 351.2 

23 Female 30.6 140 52 / 40 6.2 247.4 

24 Female 37.2 140 72 / 40 8.4 343.0 

25 Female 23.6 120 45 / 58 3.5 151.9 

26 Female 31.4 140 48 / 40 5.7 205.7 

27 Male 27.7 140 65 / 40 7.6 400.9 

28 Female 22.5 120 39 / 58 3.0 101.4 

29 Female 45.7 140 66 / 40 7.8 352.4 

30 Female 32.0 140 40 / 40 4.7 193.8 
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