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Abstract: Objective

Prior to MRI examination, patients are often screened for intraorbital metallic foreign
bodies (IMFBs) via questioning, clinical record review, and imaging when appropriate.
This work compares the screening performance of digital radiography (DR), digital
tomosynthesis (DT), and CT in detecting IMFBs composed of various metals, and
identifies their limits of detection.

Methods

Fragments of aluminum, steel, and cobalt-cemented tungsten carbide were produced.
A human skull model, with metal fragments embedded in grapes placed in each orbit,
was submerged in a water bath to create a semi-anthropomorphic phantom. Phantom
orbit images were acquired with DR, DT, and CT. Six experienced radiologists
reviewed images and scored their confidence in detecting IMFBs. ROC analysis was
performed and a multi-reader multi-case ANOVA was used to compare the modalities.
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Results

Performance comparison across modalities yielded AUC values of 0.90, 0.79, and 0.78
for CT, DT, and DR, respectively. Pairwise comparison revealed that CT was superior
to both DT and DR (p<0.05). When stratified by metal type, a significant performance
difference among modalities was only observed for steel. Steel fragments of mass 0.8
mg and smaller were not detected using DT or DR, while even the smallest steel
fragments of 0.4 mg were detectable with CT.

Conclusion

CT outperformed DT and DR in detecting IMFBs using a semi-anthropomorphic
phantom. This performance difference is largely attributed to differences in detection of
steel fragments. Since steel is often ferromagnetic, this distinction is relevant for
imaging modality selection for orbit screening prior to MRI.
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Abstract 1 

Objective: Prior to MRI examination, patients are often screened for intraorbital metallic foreign bodies 2 

(IMFBs) via questioning, clinical record review, and imaging when appropriate. This work compares the 3 

screening performance of digital radiography (DR), digital tomosynthesis (DT), and CT in detecting IMFBs 4 

composed of various metals, and identifies their limits of detection. 5 

Methods: Fragments of aluminum, steel, and cobalt-cemented tungsten carbide were produced. A 6 

human skull model, with metal fragments embedded in grapes placed in each orbit, was submerged in a 7 

water bath to create a semi-anthropomorphic phantom. Phantom orbit images were acquired with DR, 8 

DT, and CT. Six experienced radiologists reviewed images and scored their confidence in detecting 9 

IMFBs. ROC analysis was performed and a multi-reader multi-case ANOVA was used to compare the 10 

modalities. 11 

Results: Performance comparison across modalities yielded AUC values of 0.90, 0.79, and 0.78 for CT, 12 

DT, and DR, respectively. Pairwise comparison revealed that CT was superior to both DT and DR 13 

(p<0.05). When stratified by metal type, a significant performance difference among modalities was only 14 

observed for steel. Steel fragments of mass 0.8 mg and smaller were not detected using DT or DR, while 15 

even the smallest steel fragments of 0.4 mg were detectable with CT. 16 

Conclusion: CT outperformed DT and DR in detecting IMFBs using a semi-anthropomorphic phantom. 17 

This performance difference is largely attributed to differences in detection of steel fragments. Since 18 

steel is often ferromagnetic, this distinction is relevant for imaging modality selection for orbit screening 19 

prior to MRI.  20 

Keywords 21 

Intraorbital foreign body, MRI safety, radiography, CT, digital x-ray tomosynthesis 22 

Introduction 23 

 Screening patients for potential intraorbital metallic foreign bodies (IMFBs) prior to undergoing 24 

MRI examination has been common practice since the 1980s. This practice is attributed to several 25 

published cases of injury and one of blindness resulting from MRI scanning of a patient with a previously 26 

unidentified IMFB. The first case report in the radiology literature involved a former metalworker who 27 

suffered unilateral blindness following an MRI study on a 0.35T imaging system [1]. Despite the 28 

increased practice of orbit screening prior to MRI, five additional case studies have been subsequently 29 

reported in which patients sustained injuries such as hyphema, increased intraocular pressure, eye pain 30 

during MRI examination, blurred vision, and cataract progression [2-6]. In all but one of these cases, 31 

case study authors indicated that injuries followed an appropriate screening protocol, but the patients 32 

either denied prior intraocular injury [2, 5], reported that previous IMFBs had been removed from the 33 

eye [4], or IMFBs were not detected on X-ray screening [3]. The patients in all but one of these case 34 

studies were metalworkers or had a known history of IMFB. The other case did not mention procedures 35 

for IMFB screening prior to MRI [6]. 36 

 Screening a patient for IMFBs prior to MRI can consist of clinical screening (including asking 37 

questions about history of metalworking, eye injury, and subsequent treatment), review of the patient 38 

record and past imaging exams, and/or non-MRI imaging-based screening. In the United States, current 39 
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guidance documents from the American College of Radiology (ACR) indicate that patients who have 40 

sought medical attention for orbital trauma by a potential IMFB should be cleared by an orbit 41 

radiograph or assessment of a prior CT obtained after the orbital trauma event (it is noted that MRI 42 

alone is insufficient to clear orbits) [7]. An expert consensus document from 10 North American 43 

radiologists recommends screening with orbit radiographs or low dose orbit CT and/or reviewing a 44 

recently obtained head CT if there is suspicion for IMFBs [8]. Image based screening can also be used in 45 

cases where the patient is obtunded or otherwise unable to provide reliable history. 46 

Several investigations have compared the sensitivity of projection x-ray and CT for IMFB 47 

screening in phantoms, cadaver models, or retrospective patient studies [9-15]. Though IMFB size, 48 

composition, and imaging protocols vary, this body of work has demonstrated that CT has higher 49 

sensitivity than x-ray [9, 10, 12, 14], and CT can facilitate identification of smaller IMFBs than x-ray [9, 50 

10, 14, 15].  51 

In practice, IMFB screening varies across sites. Imaging-based screening is utilized based on site-52 

specific criteria with differing preferences across sites for 1-view radiograph, 2-view radiographs, or CT 53 

[16]. Imaging-based screening may be used if a patient is a prior metalworker, has high risk of orbital 54 

trauma, or has known past orbital trauma. Important considerations in establishing an IMFB screening 55 

protocol include sensitivity for detection of IMFBs, radiation dose, imaging exam cost, and the risks and 56 

costs of false positive and false negative screenings.  57 

Digital x-ray tomosynthesis (DT) is an image acquisition and reconstruction approach available on 58 

some clinical digital radiography (DR) systems. It involves sweeping the x-ray tube in an arc with respect 59 

to the patient and the detector, acquiring projection images at a range of angles for reconstruction into 60 

a stack of in-focus tomographic planes parallel to the detector plane [17]. This image acquisition and 61 

planar reconstruction approach holds potential for clearer visualization of IMFB presence and location 62 

compared to projection radiography, with lower radiation dose and cost than CT imaging.  63 

This study explores the sensitivity of DR, DT, and CT for IMFB screening, and investigates the limits 64 

of detection for several metal fragment materials using these three modalities in a human skull 65 

phantom model. Radiologists independently evaluated metal presence, scored their interpretation 66 

confidence, and provided feedback on exam appropriateness. 67 

Methods 68 

Metal fragments and head phantom preparation 69 

 Shaved fragments of aluminum, steel, and cobalt-cemented tungsten carbide (hereafter 70 

referred to as “carbide”) were created. Radiographs of an initial subset of fragments placed on glass 71 

slides and a 2cm acrylic phantom were acquired to gain a baseline understanding of fragment 72 

detectability on radiographs, then a wider size range of fragments were created for skull phantom 73 

imaging. The number, mass, and approximate volumes of the full set of fragments are detailed in Table 74 

1. These fragment size ranges were selected with the goal that for each material, some fragments would 75 

be detectable with DR, DT, or CT, and others would be undetectable. Fragment size range was limited by 76 

material properties and the fragment shaving process.  77 

 A semi-anthropomorphic phantom was created by placing a human skull model into a water 78 

bath. Metal fragments were embedded in table grapes, with one fragment in each grape. Additional 79 
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grapes with no metal fragments were also imaged as negative controls. The grapes were placed into the 80 

skull orbits and the model was submerged in a water bath, as shown in Figure 1.  81 

Image acquisition 82 

 DR and DT acquisitions were performed on a GE Discovery XR656 in the posterior-anterior (PA) 83 

orientation at the wall stand (Figure 1b). DR acquisition parameters were as follows: kVp=80, mAs=18, 84 

SID=1.83m. DT acquisition parameters were kVp=75, mAs/view=2.5, tomography angle=40°, 85 

tomography time=11.4s. DT reconstruction was performed with slice locations at 20-130mm from the 86 

detector at 3mm intervals.  87 

 CT acquisitions on a GE Revolution used a similar phantom set-up as DR and DT, but the skull 88 

model was rotated 90° in the water bath to simulate a supine patient. The axial CT protocol used 89 

kV=100, manual mAs=145, acquisition slice thickness=0.625mm, reconstruction slice 90 

thickness=0.625mm (Bone reconstruction kernel) and 5mm (Standard kernel). MIPs were reconstructed 91 

with 5mm thickness and 2mm spacing. The CTDI for this acquisition was 6.74 mGy. 92 

Radiologist reader study 93 

In this IRB-approved study, six radiologists reviewed all images independently. Radiologists had 94 

17, 12, 12, 11, 6, and 5 years of experience, respectively, and the group included four neuroradiologists, 95 

one emergency radiologist, and one breast radiologist. A reader study spreadsheet contained rows 96 

instructing radiologists to review a specific orbit (L or R) in a specific image. In all, radiologists reviewed 97 

72 images/volumes in total (24 each for DR, DT, and CT), with two orbits containing independent metal 98 

fragments or no metal fragment in each image/volume. For each radiologist this resulted in 144 orbit 99 

evaluations, resulting in 864 “cases” for analysis, where a case is an individual radiologist evaluation of a 100 

single orbit. No information was provided to readers regarding number and types of metal fragments 101 

used in the acquisitions, repeat acquisitions, or presence of negative controls. 102 

For each case, radiologists evaluated their confidence in the detection of metal presence on a 103 

Likert scale from -3 to +3, where -3 indicated “metal fragment definitely not present,” 0 indicated “can’t 104 

make a call,” and +3 indicated “metal fragment definitely present.” They were asked to make a forced 105 

choice decision with the question “Is metal present in the orbit?” with answer options Yes and No. They 106 

were asked “Is this examination technically adequate for the purpose of detecting metal in the orbit?” 107 

with the answer options Yes, Unsure, and No. Readers were given an opportunity to enter free-text 108 

comments following review of each image.  109 

Statistical analysis 110 

 Descriptive statistics were used to summarize the reader study results. To compare modality 111 

performance, a multi-reader multi-case ANOVA was conducted considering all metal types, and 112 

stratified by metal type [18]. This analysis consisted of calculating the ROC curve for each modality and 113 

reader, based on the radiologist’s confidence (scale -3 to +3) and the ground truth of metal fragment 114 

presence. An ANOVA test was used to investigate whether there was a difference in the AUC across 115 

modalities, while adjusting for each reader and case [19]. In this statistical analysis, a “case” refers to a 116 

fragment of a specific size and type, and two images of the same re-positioned fragment are replicates 117 

of the same case. Both cases and readers were assumed as random as they were only a sample of 118 

possible radiologists and fragments, and an interaction between them was included in the model. 119 
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Pairwise tests were also performed to compare across modalities. When stratifying by metal type, 120 

adjustment for multiple comparisons was performed using a Bonferroni correction. A p-value <0.05 was 121 

considered significant, and all analyses were performed using R (version 4.2.1).  122 

Results 123 

Aluminum, steel, and carbide detection on DR, DT, and CT 124 

 Example images of aluminum, steel, and carbide fragments acquired via DR, DT, and CT are 125 

depicted in Figure 2. The full range of carbide fragment sizes were detected across all modalities, while 126 

aluminum fragments were typically not detected, except for the largest fragment on CT. The detection 127 

of steel was variable by modality and fragment size. The average reader confidence in detecting metal 128 

fragments of various materials and sizes on the three modalities is plotted in Figure 3. 129 

 For aluminum fragments, only the largest fragment size on CT was confidently identified. For 130 

smaller fragments, radiologists were on average more confident that the fragment was not present 131 

using CT compared with the other modalities. For carbide fragments, all fragment sizes were detected 132 

across tested modalities, with higher confidence on CT and DT compared to DR, on average. In the 133 

detection of steel fragments, those with mass of 0.8 mg or less were only identified using CT (average 134 

confidence score > 0). For larger steel fragments, confidence was on average higher for CT and DT than 135 

DR. In negative control samples, radiologists on average were more confident that a fragment was 136 

definitely not present when using CT, followed by DT, then DR.  137 

ROC analysis comparing DR, DT, and CT 138 

 The ROC curve comparing overall detection of all metal fragments is shown in Figure 4a. After 139 

adjusting for readers and cases, the AUC was significantly different across modalities (p=0.019). The AUC 140 

for CT was 0.900, which was significantly higher than those for DT (0.791) and DR (0.775) with p-values 141 

0.024 and 0.010, respectively. There was not a statistically significant difference in AUC between DR and 142 

DT. Overall, CT outperformed the two other modalities for detecting metal fragments in the orbit. 143 

 ROC analysis was performed to compare each modality for each metal type depicted in Figures 144 

4b-d. A significant difference in AUC across modalities was detected for steel fragments (p=0.021), 145 

though not for aluminum or carbide fragments. In a pairwise comparison, the AUC was significantly 146 

higher for CT compared with DT and DR for steel fragment detection (p=0.015 and 0.027).  147 

Overall sensitivity of each modality 148 

 Based on radiologists’ forced-choice assessments, the sensitivity of each modality for the 149 

detection of metal fragments in this phantom model is shown in Table 2. The sensitivity of CT for 150 

detecting fragments was 80.9% overall (100% carbide/96.9% steel/25% aluminum). In comparison, 151 

55.4% of fragments were detected with DR (100% carbide/55.2% steel/0% aluminum) and 53.9% were 152 

detected with DT (100% carbide/51% steel/2.1% aluminum). Steel fragments smaller than 1.4 mg were 153 

not detected by the majority of readers on DT or DR, while even the smallest steel fragment of 0.4 mg 154 

could be detected by the majority of readers on CT. 155 

Perceived exam sufficiency and radiologists’ comments 156 
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 For each orbit reviewed, radiologists were asked whether the examination was technically 157 

adequate for the purpose of detecting metal in the orbit (Yes/Unsure/No) and given an opportunity to 158 

respond with free comments. The number of orbit images for which 3 or more radiologists responded 159 

“Unsure” or “No” was 5 for DR, 3 for DT, and 0 for CT. Two out of six radiologists included comments on 160 

the desire for a lateral projection on DR to increase their confidence. One radiologist indicated that they 161 

preferred DT over x-ray for several acquisitions, and indicated that the coronal MIP reconstruction in CT 162 

was particularly helpful for screening for small fragments (the corresponding images where this 163 

comment was made contained the smallest steel fragments).  164 

Discussion 165 

The purpose of this study was twofold: first, to improve understanding of the detectability of 166 

IMFBs composed of different materials using x-ray based imaging modalities (DR, DT, and CT) in a 167 

phantom model; and second, to understand how the sensitivity of DT compares with that of DR and CT 168 

in detecting IMFBs.  Detectability of steel fragments varied among fragment sizes and imaging 169 

modalities. Using CT, all steel fragments were detected by most radiologists (mass range 0.4-5.9 mg, 170 

approximate volume range 0.05-0.75 mm3), in agreement with two past studies identifying an 171 

approximate limit of detection of 0.06-0.07 mm3 for steel fragments in CT [9, 10]. Sensitivity for the 172 

smallest fragments in this work may have been improved compared to past studies due to the inclusion 173 

of thin-slice images and MIPs. In the present work, reader confidence was maximized for steel 174 

fragments of mass 1.4 mg (~0.18 mm3) and above. Using DR and DT, steel fragments ≤0.8 mg (~0.1 mm3) 175 

were not detected (average reader confidence<0), while those ≥1.4 mg (~0.18 mm3) were consistently 176 

detected (average reader confidence between +2 and +3). These DR and DT results agree well with 177 

several studies in the literature suggesting a detection threshold in the range of 0.12-0.2 mm3 for steel 178 

and iron fragments on film and CR-based planar radiography in cadaver and phantom models [9, 14, 15]. 179 

 As expected when considering the low density and atomic number, aluminum fragments were 180 

least likely to be confidently identified in this study. For the range of aluminum fragment sizes in this 181 

study, only the largest fragment (mass 2.7 mg, volume 1 mm3) was identified by most readers on CT, and 182 

none were identified by the majority of readers on DR and DT. In the context of orbit screening, this may 183 

be considered acceptable, as injury risk from a small paramagnetic IMFB is minimal. Due to low 184 

magnetic susceptibility and small size, a paramagnetic IMFB is unlikely to be subject to torque or 185 

translational forces stronger than gravity [20, 21] or to undergo potentially harmful heating during a 186 

typical MRI exam [22-24]. In addition, to our knowledge, there are no published case studies of injury 187 

from an IMFB that was known to be paramagnetic. Carbide fragments ranging in mass between 0.2-8.1 188 

mg (approximate volume 0.014-0.59 mm3) were identified with 100% sensitivity across all evaluated 189 

modalities. Because steel and Co-cemented tungsten carbide are typically ferromagnetic, these 190 

materials are higher risk for causing injury if an IMFB is present, so their higher detectability on imaging 191 

screening is reassuring. 192 

It is worthwhile to consider these results in the context of IMFB fragment sizes in past case 193 

studies of orbit injury from MRI, as well as cases where no injury occurred despite IMFB presence. The 194 

fragment sizes in this work have approximate calculated volumes ranging from 0.05-0.75 mm3 for steel, 195 

0.037-1 mm3 for aluminum, and 0.014-0.59 mm3 for carbide. In clinical case studies of IMFB-related 196 

injury from MRI, IMFB fragment sizes were larger than the fragments in this study, with quoted sizes of 197 

1x1mm [3], 1-2mm [4], 3mm diameter [5], 6mmx0.8mm [6], and 2x3.5mm [1]. In one case study where 198 
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IMFBs were detected on MRI for two patients without resulting injury and were later removed, 199 

ferromagnetic IMFBs (likely iron or steel) were measured to have volumes of 0.017mm3 and 0.04mm3, 200 

smaller than the steel fragments in this work [25]. In another study where an IMFB was discovered on 201 

MRI but no injury occurred, the IMFB was not removed [26]. It was estimated to be a sphere with 202 

diameter 3.5mm, and was suspected to be a BB pellet, which commonly have a ferromagnetic iron core 203 

with a paramagnetic zinc or copper coating. The IMFBs in these case studies confirm the relevance of 204 

the fragment sizes studied in this work. However, a clear link still cannot be made between fragment 205 

size/composition, detectability on screening modalities, and likelihood of injury from MRI, due to the 206 

variety of physical and clinical factors that play a role in whether injury occurs.   207 

 The performance of DT for IMFB detection was of interest in this study and was compared with 208 

DR and CT, modalities which are more thoroughly studied and well-understood for IMFB screening. The 209 

results of ROC analysis (Figure 4) and the sensitivity measure based on radiologist forced-choice decision 210 

(Table 2) demonstrate that for IMFB screening, the performance of DT is very similar to that of DR and 211 

under-performs CT in the phantom model and fragment materials/sizes studied. The reader confidence 212 

curves in Figure 3 show that when IMFBs are large enough for detection with DT and DR, DT does tend 213 

to provide the reader with greater confidence than DR. This is likely related to the 3D information about 214 

fragment location provided in a tomographic reconstruction. 215 

Several limitations of this study are noted. First, fragments could only be created and tested 216 

within a limited size range. In fragment fabrication, we aimed to include fragments of each material 217 

small enough to be undetectable and large enough to be detectable on each modality, though we met 218 

limitations in shaving aluminum fragments that were large enough to be confidently detected on all 219 

modalities and carbide fragments that were small enough to go undetected. Second, we did not test the 220 

force, torque, and heating of the fragments used in this experiment in an MR environment. Third, this 221 

study was performed in a simplified phantom model. This should be kept in mind when considering 222 

these results in the context of orbit screening decisions for human patients, as anatomical noise, a more 223 

complex orbit anatomy, and patient motion may additionally impact IMFB detection. Last, in this study, 224 

default facial bone protocols were used for DR and DT. Though the techniques used align with 225 

commonly recommended orbit screening protocols [16], protocol optimization was outside the scope of 226 

this work and may contribute to improved performance, particularly for DT, as to our knowledge this 227 

application of the modality has not been studied or optimized. 228 

Injury risk, imaging costs, radiation dose, and modality sensitivity/specificity should all play a 229 

role in developing IMFB screening procedures prior to MRI. However, there are also the questions of 230 

how the information resulting from imaging-based screening is managed and the risks of inaccurate 231 

screening results. The likelihood of IMFB movement and injury based on IMFB material, size, location, 232 

orientation, and time in place is only vaguely understood from scattered clinical case studies and 233 

animal/phantom studies over the past 40 years. Other factors have also changed since the first studies 234 

of orbit injury from IMFBs in MRI. For example, modern higher field scanners with steeper spatial static 235 

magnetic field gradients may introduce higher injury risk if IMFBs are present. Overall, the question of 236 

whether IMFBs that cannot be detected on x-ray modalities have potential to cause orbit injury in an 237 

MRI environment is challenging to study and remains unclear. The results of this study, which provide 238 

information about the comparative performance of three screening imaging modalities and the 239 

detectability of multiple IMFB materials and sizes in a phantom model, can help inform screening 240 
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protocols and provide insight into the types and sizes of IMFB that can be detected using x-ray based 241 

orbit screening.  242 

Take Home Points 243 

 CT outperforms digital tomosynthesis and digital radiography for detection of intraorbital 244 

metallic foreign bodies in a semi-anthropomorphic phantom. Digital tomosynthesis and digital 245 

radiography show similar performance. 246 

 The limit of detection of steel fragments was identified as <0.4 mg on CT and between 0.8 and 247 

1.4 mg on DT and DR in this phantom model. 248 

 The limit of detection of aluminum fragments was identified between 1.2 and 2.7 mg on CT and 249 

>2.7 mg on DT and DR in this phantom model. 250 

  The limit of detection of cobalt-cemented tungsten carbide fragments was identified as <0.2 mg 251 

on CT, DT, and DR in this phantom model. 252 

 The results of this study can be used alongside considerations of cost, radiation dose, and the 253 

risks and costs of false positive and false negative screenings, to determine the preferred 254 

approach for orbit screening. 255 

References 256 

1. Kelly WM, Paglen PG, Pearson JA, San Diego AG, Soloman MA. Ferromagnetism of intraocular 257 
foreign body causes unilateral blindness after MR study. AJNR Am J Neuroradiol 1986; 7:243-245 258 

2. Ta CN, Bowman RW. Hyphema caused by a metallic intraocular foreign body during magnetic 259 
resonance imaging. Am J Ophthalmol 2000; 129:533-534 260 

3. Vote BJ, Simpson AJ. X-ray turns a blind eye to ferrous metal. Clin Exp Ophthalmol 2001; 29:262-261 
264 262 

4. Lawrence DA, Lipman AT, Gupta SK, Nacey NC. Undetected intraocular metallic foreign body 263 
causing hyphema in a patient undergoing MRI: a rare occurrence demonstrating the limitations 264 
of pre-MRI safety screening. Magn Reson Imaging 2015; 33:358-361 265 

5. Mamas N, Andreanos K, Brouzas D, et al. Acute ocular pain during magnetic resonance imaging 266 
due to retained intraocular metallic foreign body: the role of ultrasonography and ultrasound 267 
biomicroscopy in diagnosis and management of this condition. J Ultrasound 2018; 21:159-163 268 

6. Jin F, Hu D, Dong K. Magnetic resonance imaging mistakenly performed on a rare case of the 269 
intraocular iron foreign body. Asian J Surg 2023; 46:3166-3167 270 

7. Watson RE, Altman D, Dillman J, et al. ACR Manual on MR Safety. In: American College of 271 
Radiology, 2024 272 

8. Jabehdar Maralani P, Schieda N, Hecht EM, et al. MRI safety and devices: An update and expert 273 
consensus. J Magn Reson Imaging 2020; 51:657-674 274 

9. Otto PM, Otto RA, Virapongse C, et al. Screening test for detection of metallic foreign objects in 275 
the orbit before magnetic resonance imaging. Invest Radiol 1992; 27:308-311 276 

10. Chacko JG, Figueroa RE, Johnson MH, Marcus DM, Brooks SE. Detection and localization of steel 277 
intraocular foreign bodies using computed tomography. A comparison of helical and 278 
conventional axial scanning. Ophthalmology 1997; 104:319-323 279 

11. Lakits A, Prokesch R, Scholda C, Nowotny R, Kaider A, Bankier A. Helical and conventional CT in 280 
the imaging of metallic foreign bodies in the orbit. Acta Ophthalmol Scand 2000; 78:79-83 281 

12. Saeed A, Cassidy L, Malone DE, Beatty S. Plain X-ray and computed tomography of the orbit in 282 
cases and suspected cases of intraocular foreign body. Eye (Lond) 2008; 22:1373-1377 283 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



13. Modjtahedi BS, Rong A, Bobinski M, McGahan J, Morse LS. Imaging characteristics of intraocular 284 
foreign bodies: a comparative study of plain film X-ray, computed tomography, ultrasound, and 285 
magnetic resonance imaging. Retina 2015; 35:95-104 286 

14. Momoniat HT, England A. An investigation into the accuracy of orbital X-rays, when using CR, in 287 
detecting ferromagnetic intraocular foreign bodies. Radiography (Lond) 2017; 23:55-59 288 

15. Javadrashid R, Golamian M, Shahrzad M, et al. Visibility of Different Intraorbital Foreign Bodies 289 
Using Plain Radiography, Computed Tomography, Magnetic Resonance Imaging, and Cone-Beam 290 
Computed Tomography: An In Vitro Study. Can Assoc Radiol J 2017; 68:194-201 291 

16. Bailey W, Robinson L. Screening for intra-orbital metallic foreign bodies prior to MRI: Review of 292 
the evidence. Radiography (Lond) 2007; 13:72-80 293 

17. Dobbins JT, Godfrey DJ. Digital x-ray tomosynthesis: current state of the art and clinical 294 
potential. Phys Med Biol 2003; 48:R65-106 295 

18. Smith BJ, Hillis SL. Multi-reader multi-case analysis of variance software for diagnostic 296 
performance comparison of imaging modalities. Proc SPIE Int Soc Opt Eng 2020; 11316 297 

19. Obuchowski NA. Multireader, multimodality receiver operating characteristic curve studies: 298 
hypothesis testing and sample size estimation using an analysis of variance approach with 299 
dependent observations. Acad Radiol 1995; 2 Suppl 1:S22-29; discussion S57-64, S70-21 pas 300 

20. Schenck JF. The role of magnetic susceptibility in magnetic resonance imaging: MRI magnetic 301 
compatibility of the first and second kinds. Med Phys 1996; 23:815-850 302 

21. McRobbie DW. Essentials of MRI Safety. Hoboken, NJ: Wiley Blackwell, 2020 303 
22. Dempsey MF, Condon B, Hadley DM. Investigation of the factors responsible for burns during 304 

MRI. J Magn Reson Imaging 2001; 13:627-631 305 
23. Winter L, Seifert F, Zilberti L, Murbach M, Ittermann B. MRI-Related Heating of Implants and 306 

Devices: A Review. J Magn Reson Imaging 2021; 53:1646-1665 307 
24. Testing and Labeling Medical Devices for Safety in the Magnetic Resonance (MR) 308 

Environment: Guidance for Industry and Food and Drug Administration Staff.  309 
https://www.fda.gov/media/74201/download: US Food and Drug Administration, 2023 310 

25. Zhang Y, Cheng J, Bai J, et al. Tiny ferromagnetic intraocular foreign bodies detected by magnetic 311 
resonance imaging: a report of two cases. J Magn Reson Imaging 2009; 29:704-707 312 

26. Platt AS, Wajda BG, Ingram AD, Wei XC, Ells AL. Metallic intraocular foreign body as detected by 313 
magnetic resonance imaging without complications- A case report. Am J Ophthalmol Case Rep 314 
2017; 7:76-79 315 

 316 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www.fda.gov/media/74201/download


Figure 1 Click here to access/download;Figure;Figure1.JPG

https://www2.cloud.editorialmanager.com/jacrad/download.aspx?id=68111&guid=11d06e73-cd03-4f41-9891-6018b63bab3e&scheme=1
https://www2.cloud.editorialmanager.com/jacrad/download.aspx?id=68111&guid=11d06e73-cd03-4f41-9891-6018b63bab3e&scheme=1


Figure 2 Click here to access/download;Figure;Figure2.JPG

https://www2.cloud.editorialmanager.com/jacrad/download.aspx?id=68112&guid=55fcbcef-49cf-4328-b0cd-c0acf11dab64&scheme=1
https://www2.cloud.editorialmanager.com/jacrad/download.aspx?id=68112&guid=55fcbcef-49cf-4328-b0cd-c0acf11dab64&scheme=1


Figure 3 Click here to access/download;Figure;Figure3.JPG

https://www2.cloud.editorialmanager.com/jacrad/download.aspx?id=68113&guid=289eb737-8e2b-4416-bf7f-6b647ef397cd&scheme=1
https://www2.cloud.editorialmanager.com/jacrad/download.aspx?id=68113&guid=289eb737-8e2b-4416-bf7f-6b647ef397cd&scheme=1


Figure 4 Click here to access/download;Figure;Figure4.JPG

https://www2.cloud.editorialmanager.com/jacrad/download.aspx?id=68114&guid=91099ebc-9775-4da7-a476-2c73156ba136&scheme=1
https://www2.cloud.editorialmanager.com/jacrad/download.aspx?id=68114&guid=91099ebc-9775-4da7-a476-2c73156ba136&scheme=1


Aluminum (N=4) 
ρ=2.7 g/cm3 

Z=13 

Steel (N=8) 
ρ≈7.9 g/cm3 
Zeff≈25-26 

Co-cemented Tungsten 
Carbide (N=5) 

ρ≈14.5 g/cm3, Zeff≈39 

Measured 
mass 

Approximate 
volume 

Measured 
mass 

Approximate 
volume 

Measured 
mass 

Approximate 
volume 

0.1 mg 0.037 mm3 0.4 mg 0.051 mm3 0.2 mg 0.014 mm3 

0.7 mg 0.26 mm3 0.4 mg 0.051 mm3 0.4 mg 0.028 mm3 

1.2 mg 0.44 mm3 0.7 mg 0.089 mm3 0.6 mg 0.041 mm 

2.7 mg 1.0 mm3 0.8 mg 0.10 mm3 1.3 mg 0.090 mm3 

  1.4 mg 0.18 mm3 8.1 mg 0.59 mm3 

2 mg 0.25 mm3   

2.5 mg 0.32 mm3 

5.9 mg 0.75 mm3 

Table 1: Measured mass and approximate volume of each fragment. ρ: density, Z: atomic number, Zeff: 

effective atomic number 

 

 Overall Aluminum Carbide Steel 

CT 80.9% (62.3, 99.5) 25.0% (0, 74.0) 100% (100, 100) 96.9% (90.4, 100) 

DT 53.9% (30.0, 77.9) 2.1% (0, 7.4) 100% (100, 100) 51.0% (14.7, 87.4) 

DR 55.4% (31.9, 78.9) 0% (0, 0) 100% (100, 100) 55.2% (21.2, 89.2) 

Table 2: Sensitivity values (95%CI range noted in parentheses) 
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