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Table S1

Characteristics of ID-CT studies included in this review, grouped by anatomical site. Validation attempts of ID-CT were broadly divided into

diagnostic, evaluating the diagnostic performance (Table 2), or fechnical, assessing accuracy, precision (i.e., repeatability) and robustness of ID-

CT (Table 3).

Study Component(s) Design Validation Sample size Loading protocol CT parameters Image analysis Displacement metrics
Olivecrona THA — Acetabular Prospective Diagnostic 8/10 patients Torsional loading (manual held by GE LightSpeed. 3D volume fusion tool Visual assessment of motion.
2008 [1] cup clinical & Technical examiner) 120 kV, 200 mA, ST=1.25 (landmark-based rigid body
mm, PS=1.30-1.66 mm, transformation) [2-4]
ED=3.5mSv per scan'
Gortchacow THA- femoral stem Cadaveric Technical 1 femoral bone Compression. Single cycle stepwise Micro-CT (Skyscan 1076). 5 Ta beads in stem, 15 Ta Local CS placed in unloaded stem;
2011 [5] experimental loading (0, 300, 600, 900, 1200, 1400, 100kV, 24 mAs'. VS=36 um beads in medullary bone. x-axis ML, y-axis AP, z-axis IS. X,
ON) with custom loading device. (isotropic) Custom automatic (gray-scale Y, Z displacement.
based) bead centre of mass
detection.
Image processing and
analysis in Mathematica
(Wolfram Research)
Gortchacow THA — femoral stem Cadaveric Technical 6 femoral bones Compression (2000N). Single cycle Micro-CT (Skyscan 1076). Custom algorithm for bead Local CS with displacements
2012 [6] (anatomical and experimental (3 cadavers) loading sequence (unloaded, loaded, VS=36 um (isotropic) centre of mass detection [5]. similar to [5]
straight) unloaded, unloaded) with custom
loading device.
Malfroy THA — femoral stem Cadaveric Technical 1 femoral bone Compression (1800N). Single cycle Micro-CT (Skyscan 1076). Beads identification and Unloaded (4™) scan used as
Camine 2015 experimental loading sequence (unloaded, VS=35 um (isotropic) location in Amira (FEI, reference for Local CS with
[71 unloaded, loaded, unloaded) with USA). displacements similar to [5]
custom loading device.
30 Ta beads in stem, 1000 SS
beads on endosteal surface.
Malfroy THA — femoral stem Cadaveric Technical 1 femoral bone Compression (1800N) + Torsion Micro-CT (Skyscan 1076). 100 Custom Matlab algorithm + Unloaded scan used as reference for
o Camine 2016 experimental (17Nm). Triple cycle (loaded, kV, ~32 mAs?, VS=35 um Amira (v6.0.1 FEI) Local CS. Displacements (normal
= [8] unloaded) in custom loading devices (isotropic). Ring artefact and segmentation. 30 Ta beads in and tangential to stem surface)
(compression device modified from beam-hardening correction stem, ~1000 beads on similar to x,y or z-axis in [5]
[6]) (NRecon v 1.6.10.4, Bruker) endosteal surface.
Malfroy THA — femoral stem Cadaveric Technical 10 femoral bones Compression (load corresponding to Similar to [8] Custom Matlab algorithm Unloaded (3"%) scan used as
Camine 2018 (4 collarless and 6 experimental (10 cadavers) 230% donor’s body BW) + Torsion (unspecified) reference for Local CS.
[9] collared) (moment corresponding to 2.3% BW 37 Ta beads in stem, ~1000 Displacements normal and
x m). Single cycle (unloaded, loaded, beads on endosteal surface. tangential to stem surface, similar
unloaded) in loading devices similar to [8] and 3D (absolute) vector.
to [8]
Sandberg THA - both Retrospective Diagnostic 10/60 patients Torsional loading (external unspecified (unspecified) local developed Qualitative assessment:
2021 [10] components + 1 knee clinical stabilization with sandbags) software, IMA positive/negative for loosening
tumor prosthesis
Sandberg THA - both Retrospective Diagnostic 57/72 patients Torsional loading (external Siemens Somatom. 120kV, IMA (Sectra), methods Qualitative: positive/negative for
2022 [11] components clinical stabilization with sandbags). Pain- 180mAs, ST=0.6 mm. developed by [2, 12] movement. Quantitative: “mm and
limited with/without iMAR. deg” when movement detected
ED=4.50mSv (threshold or metric unspecified)
Listopadzki THA - both Retrospective Diagnostic 23/80 patients Torsional loading (with external 130kV, 100-130 mAs, AD=13- IMA (Sectra) [2, 12] Implant motion >0.5mm threshold.
2025 [13] components clinical stabilization with foam pads and 14mGy per scan Qualitative: micromotion and
weighted bags) “spotwelding” assessment at
implant-bone/cement interface
Polus 2025 THA — femoral stem Prospective Diagnostic 48/79 patients Torsional loading (manual) Aquilion ONE, Canon. 120 Segmentation in 3DSlicer, X,Y, Z and total translation/rotation
[14] clinical & Technical kVp, ST=0.5mm, PS= 0.45+ registration in V3MA (TT/TR). RSA CS (x-axis ML, y-
0.04 mm, axis IS, z-axis AP)
ED=1.51 + 0.80 mSv per scan.
SEMAR.
Wretenberg TKA - both Clinical series Diagnostic 40 patients Torsional and varus-valgus loading Not specified IMA (Sectra) Visual assessment
§ g 2021[15] components (with external fixation with lashing
straps, foam pads and weighted bags)
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Study Component(s) Design Validation Sample size Loading protocol CT_Earameters Image analysis Displacement metrics
Kievit & TKA — tibial Cadaveric Technical 10 specimens Varus-valgus loading device (20 Nm) Brilliance-64 Philips. Custom 3D analysis software mTRE, screw-axis rotation,
Buijs 2023 component experimental + 1 frozen VS=0.3mm (isotropic) [17] MTPM.
[16] specimen
Ter Wee 2023 TKA — tibial Cadaveric Technical 10 specimens Varus-valgus loading device (20 Nm) Brilliance-64 Philips. 120 kV, Custom 3D analysis software Comparison of 20% vs 100% tibia
[18] component experimental + 1 frozen 160 mAs, VS=0.45mm [19] reference for quantifying implant
specimen from (isotropic) displacement. Metrics similar to
[16] [16]
Buijs & TKA — tibial Prospective Diagnostic 34 symptomatic Varus-valgus loading device (20 Nm) Estimate ED=1.2mSv Custom 3D analysis software mTRE, screw-axis rotation, MTPM
Kievit 2025 component clinical & Technical +38 [17]
[20] asymptomatic
knees
Buijs & Ter TKA — tibial Inter-operator Technical 16 patients Varus-valgus loading (20 Nm, 2 Siemens Somatom Force, 120 AtMoves system mTRE, screw-axis rotation, MTPM
Wee 2025 component reliability study operators) kVp, 160 mAs. VS = 0.45mm
[21] (isotropic)
Hext 2025 TKA - both Prospective Diagnostic 17 patients Weightbearing (seated vs. standing) OnSight 3D Extremity Segmentation in 3DSlicer, X,Y, Z and total translation/rotation
[22] components clinical & Technical CT System. 90 kVp, 20—45 registration in V3MA (TT/TR), and MTPM.
mAs, ST=0.26mm, RSA CS (x-axis ML, y-axis IS, z-
PS=0.26mm. ED=0.04- axis AP)
0.06mSyv.
Svensson TKA - Retrospective Diagnostic 9/12 patients (13 Torsional lading (external and internal Reference to [11] IMA (Sectra) Visual and quantitative assessment
2025 [23] megaprostheses clinical exams) rotation limit)
Svedmark Lumbar disc Phantom model Technical 104 CT volumes Controlled mechanical translation LightSpeed QX/i fourth- 3D volume fusion tool 3D sphere landmark translation.
2008 [24] replacement experimental generation GE. 120 kV, 250 (landmark-based rigid body DICOM CS
mA. transformation) [25]
Svedmark Cervical disc Prospective Technical 9 patients + Voluntary flexion-extension Patients: Siemens Somatom 3D volume fusion tool Euler angles (sequence RzRyRx)
2011 [26] replacement - Upper clinical + phantom cervical spine positioning, with head on soft/stiff Definition. 140 kVp, 47 mAs. (landmark-based rigid body and orthogonal translation (x,y,z)
and lower model model pillow PS=0.22-0.29mm. ED=0.33 transformation) [2, 25, 27]
component. experimental mSv Patients: Visual assessment
Model: GE Lightspeed. 120 Local CS based on upper
kVp, 1.722 mAs. PS=0.39mm. components and aligned with
DICOM CS
2 Skeppholm Cervical disc Prospective Diagnostic 28 patients (38 Voluntary flexion-extension Siemens Somatom Definition. 3D volume fusion tool Rotation and translation in all
= 2015 [28] replacement — Upper clinical & Technical levels) positioning, with head on stiff pillow ED=0.33 mSv. (landmark-based rigid body planes
4 and lower transformation). Similar to
component. [26]. Any detectable motion between
prosthetic components is
‘ankylotic’. Any detectable motion
between components and vertebrae
is ‘loose’.
Svedmark Lumbar disc Prospective Technical 10 patients Provoked flexion (prone) and GE Light Speed QX/I. 120 kV, 3D volume fusion tool Segmental 3D rotation (Euler
2015 [29] replacement clinical extension (supine) using a customized 250 mA. PS=4mm. (landmark-based rigid body angles sequence RzRyRx) and 3D
jig. Provocation till VAS 8/10 or top ED=0.68mSv transformation). Similar to translation between both L4-L5 and
of CT scanner tunnel [26]. L5-S1. Evaluation of ROM.
DICOM CS
Reiser 2025 TWA - carpal and Pilot clinical Technical 3 patients Flexion-extension with orthoses Siemens Somatom Definition. IMA (Sectra) Movement assessment of carpal
[30] radial component 120 kV, 100 mAs, ST=0.6mm. component vs. third metacarpal and
with/without iMAR. 0.01 mSv capitate, and radial component vs.
ED radius.
=

Abbreviations per column: Component(s): THA; Total hip arthroplasty. TWA; Total Wrist Arthroplasty. Loading protocol: VAS; Visual Analog Score [31], BW; Body Weight. CT parameters: ST; Slice Thickness, PS; Pixel Size, VS; Voxel Size, ED; Effective Dose,

AD; Absorbed Dose, iMAR; iterative metal artefact reduction (Siemens), SEMAR; single energy metal artifact reduction (Canon Medical System Corporation). Image analysis: Ta; Tantalum, SS; stainless steel, IMA; Implant Motion Analysis (Sectra, Linkoping,

Sweden), V3MA; Volumetric Matching Micromotion Analysis (RSAcore, Leiden, The Netherlands). Displacement metrics: CS; Coordinate System. ML; medio-lateral. AP; antero-posterior. IS; inferior-superior, TT/TR; Total Translation/Total Rotation, MTPM;

Maximum Total Point Motion, DICOM,; Digital Imaging and Communications in Medicine, RSA; Radiostereometric analysis. Footnotes: 1. By using only segments of the scans around the hip, ED was calculated to be 2.5 mSv. 2. Reported tube current (100 pA) and

exposure time (240 ms). 2. Reported is the tube current (100 pA), exposure time per frame (310 ms), Rotation step (0.7°), Frame averaging (2) which can be calculated to the mAs.




18 Table S2 Risk of bias assessment (QUADAS-2)

19  Risk of bias and applicability assessment of included diagnostic studies using the QUADAS-2 tool. Reasons for negative responses are provided
20  below the table.

Risk of bias Applicability
Patient selection Index test Reference standard ~ Flow & timing Patient selection Index test Reference standard
Olivecrona 2008 [1] v x1P x? v v v v
Sandberg 2021 [10] v x'P x? v v v v
Sandberg 2022 [11] v x1P x23 x4 v v v
Listopadzki 2025 [13] N x1P x23 x4 v v v
& | Polus 2025 [14] NG x'a v v x> v v
Wretenberg 2021 [15] v x1P x23 x4 v v v
Buijs & Kievit 2025 [20] v x'a x? v v v v
Hext 2025 [22] J x'a v v x? v v
é Svensson 2025 [23] v x1P x23 x4 v v v
. | Skepholm 2015 [28] v x'P x23 x4 v v v
é

Reasons for risk of bias: 1) The diagnostic threshold was (a) retrospectively determined and/or (b) not/unclearly defined. 2) Intraoperative findings used as the reference standard lacked details or methodology for classifying loosening. 3) Results of the reference
standard were interpreted with knowledge of the results of the index text. 4) Patients received different reference standards. Reasons for concerns about applicability: 1) Only patients with fixed components (per RSA), with no suspicion of loosening.
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S3: ID-CT Practical considerations

Current studies on ID-CT carry a high risk of bias, preventing confident determination of its diagnostic
accuracy (Table S2). Techniques that report their methods transparently, such as AtMoves, V3MA, and
uCT-analysis, demonstrate the potential of ID-CT and offer a roadmap for reproducible technical and
diagnostic evaluation. Ensuring such transparency is critical for fair comparison across studies to guide
future clinical implementation based on robust evidence rather than the perceived novelty of the
technique.

Standardization and reporting guidelines diagnostic studies

The recently updated guidelines for RSA and CT-RSA (i.e. CT migration analysis) implant migration
measurements [32] provides foundation that can be adapted for ID-CT studies. However, ID-CT differs in
that it aims at immediate diagnosis of loosening rather than long-term monitoring of implant survival.
Hence, shifting to evaluating diagnostic accuracy and therefore necessitating adherence to the Standards
for Reporting of Diagnostic Accuracy Studies (STARD 2015 [33]).
In addition to CT-RSA guidelines, essential reporting items for ID-CT studies should include the loading
protocol and reference standard. At minimum, studies should report:
Loading protocol specifications:
e Description of loading device or manual technique, including clear visualization of the setup
e Metric (quantitative or qualitative) that determines loading endpoint, for example moment
readout [21] or pain score [29]. The use of subjective endpoints should be, where possible,
combined with an objective measurement of joint position on CT table or from the CT scan.
e Patient compliance metrics, including target load achieved, duration, and deviation from the
prescribed load.
e Patient positioning on CT table in both loading conditions, including joint orientation angles (for
example knee flexion angle).
e Reference citations to prior technical validation studies.
e For experimental studies, detailed reporting of specimen preparation and loading sequences.
Reference standard documentation:
e C(Clear definition of loose versus fixed classification criteria, following STARD 2015 item 12b
[33].
o For knee arthroplasty, the consensus definition by Buijs et al. [34] provides standardized
intraoperative criteria; comparable standardized definitions are needed for hip, spine, and wrist
applications.

Technical validation considerations

Technical validation of ID-CT methods requires assessment of variance introduced at each step of the
diagnostic pipeline: loading application, CT acquisition, and image analysis. While ‘double examinations’
following the RSA standard ISO 16087:2013 [35] can evaluate CT acquisition and image analysis
reproducibility, they do not capture the full diagnostic pipeline including loading variations.
Underestimating for example the contribution of bone deformation in measurements of tibial component
displacement [18]. Complete assessment of ID-CT reproducibility should include both loading conditions,
as demonstrated by Malfroy Camine et al. [§] in a cadaveric study and Buijs & Ter Wee et al. [21] in a
clinical setting.
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