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Background and purpose — 2-dimensional radiographs
may underestimate 3-dimensional fracture displacement.
CT-based micromotion analysis (CTMA) enables precise
quantification of interfragmentary movement in 3 dimen-
sions. We aimed to evaluate CTMA for quantifying fracture
displacement, surgical reduction, and postoperative frag-
ment movement in trochanteric hip fractures, and assessed
measurement agreement from repeated follow-up scans.

Methods — We conducted a prospective cohort study
including 15 patients with trochanteric fractures treated
with a cephalomedullary nail at Uppsala University Hospital
between 2020 and 2023. Each patient underwent CT imaging
preoperatively, postoperatively, and at follow-up. Measure-
ment agreement was assessed using 2 follow-up CT scans
acquired after patient repositioning, when the fractures were
healed. The femoral shaft (or nail) served as the fixed refer-
ence, and the femoral head (or spiral blade) was analyzed
relative to the mirrored contralateral hip to quantify frac-
ture displacement. Fracture movement during healing was
assessed by comparing postoperative and follow-up scans.

Results — 12 patients had complete imaging. Measure-
ment agreement between repeated CTMA scans showed sub-
millimetric repeatability for translation and < 1° for rotation.
Mean initial fracture displacement relative to the mirrored
contralateral hip was 55.6° in total rotation and 48.4 mm in
total translation, improving postoperatively to 17.5° and 15.9
mm, and remaining essentially stable at follow-up. Between
the postoperative and follow-up scans, total movement of the
femoral head averaged 5.4° (95% confidence interval [CI]
2.8-8.1) and 6.4 mm (CI 3.9-8.9). Spiral blade total transla-
tion averaged 5.4 mm (CI 3.0-7.9). Observed movement fol-
lowed expected directions, with predominant femoral short-
ening (z-translation —4.4 mm), medialization (x-translation
—3.3 mm), and slight external rotation (z-rotation +2.4°) of
the femoral shaft.

Conclusion — CTMA demonstrated good measurement
agreement and repeatability for quantifying fracture dis-
placement, surgical reduction, and postoperative fragment
movement in trochanteric fractures.

Trochanteric hip fractures represent a significant clinical chal-
lenge and are commonly managed with internal fixation. They
are among the most frequent fragility fractures in the elderly
population, with incidence increasing markedly with age [1].
Despite advances in surgical techniques, complications such
as non-union and malunion remain prevalent, often leading to
suboptimal patient outcomes [2,3]. Outcome after trochanteric
hip fracture treatment is influenced by patient factors, fracture
characteristics, treatment modality, and the quality of surgi-
cal intervention. Traditional 2-dimensional (2D) radiographic
methods, often employed to evaluate outcomes such as hip
shortening and rotational deformity, have important limita-
tions [4,5]. Projection of 3-dimensional (3D) structures onto
a 2-dimensional plane can distort spatial relationships, while
variability in patient positioning, radiographic scale, and X-ray
beam angles may compromise measurement accuracy and reli-
ability. These limitations hinder the precise assessment of frac-
ture displacement and postoperative fragment movement.

CT-based micromotion analysis (CTMA) is a post-process-
ing technique that analyzes sequential CT scans to measure
the 3-dimensional motion of bone fragments or implants with
sub-millimeter precision [6,7]. CTMA has demonstrated high
accuracy in predicting long-term outcomes in arthroplasty,
and has shown accuracy and precision comparable to radio-
stereometric analysis (RSA) across arthroplasty applications
[7-9]. Additionally, CTMA has been successfully applied to
measure fracture fragment motion in pelvic and radial frac-
tures [10,11].
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We aimed to evaluate CTMA as a method for quantifying
fracture displacement, surgical reduction, and postoperative
fragment movement in trochanteric hip fractures, and to assess
measurement agreement using repeated follow-up scans of
healed fractures.

Methods

Study design

This prospective cohort study was conducted in the orthopedic
department at Uppsala University Hospital between 2020 and
2023. The study was a pilot to develop and validate a CTMA-
based workflow for precisely quantifying fracture displace-
ment, surgical reduction quality, and postoperative fragment
movement, laying the groundwork for assessing mal- and
non-union risk factors in hip fracture patients.

The study was reported according to GRRAS (guidelines
for reporting reliability and agreement studies) and with con-
siderations of the recent RSA/CT-RSA guideline recommen-
dations [12,13].

Patients

The inclusion criteria were patient age 70 years or older, an
acute hip fracture planned for treatment with a cephalomed-
ullary nail, and linguistic and cognitive ability to understand
the study protocol. Exclusion criteria included previous sur-
gery or deformity of contralateral hip, dementia or cognitive
impairment, or inability to ambulate before the fracture.

All included patients were treated with a short cephalom-
edullary nail (Proximal Femoral Nail Antirotation, PFNA;
DePuy Synthes, Oberdorf, Switzerland) with a standard nail
length of 240 mm. Postoperatively, all patients were allowed
weightbearing as tolerated.

The patients were given verbal and written information
regarding the additional scans and outpatient visits, and the
risks related to radiation exposure from CT imaging were dis-
cussed, after which written informed consent was obtained.

CT imaging

Preoperative CT scanning was either already performed as
part of the clinical work-up or performed after informed con-
sent had been obtained and the patient had been included in
the study. A postoperative CT was performed within a few
days of surgery and before the patient had been significantly
mobilized and discharged from the orthopedic ward. A follow-
up CT was planned to be performed after fracture healing (= 4
months after surgery), prior to an outpatient visit. At this time,
a second CT was performed after repositioning of the patient
to allow for precision measurements. All CT examinations
were performed in the supine position. Precision measure-
ments were performed at follow-up, where no true fracture or
implant movement was expected, to isolate measurement vari-
ability introduced by the imaging and analysis process.

The postoperative and follow-up CT examinations were opti-
mized for micromotion analysis. Scans were performed using a
dual-energy CT scanner (Somatom Definition Flash, Siemens
Healthineers, Forchheim, Germany) with a detector configura-
tion of 128 x 0.6 mm and a pitch of 0.8. A low-dose proto-
col (CARE Dose 4D; reference 120 kV / 50 mAs) was applied
using semi-120 kV mode, with modulation of the tube current-
time product (mAs) only. To minimize metal artifacts, the itera-
tive metal artifact reduction algorithm (iMAR, Siemens Health-
ineers) was applied. Images were reconstructed in the axial
plane with a slice thickness of 1 mm and an increment of 0.6
mm, using medium-smooth (Bf37) and medium-sharp (Br59)
kernels. Iterative reconstruction was performed with ADMIRE
(Advanced Modeled Iterative Reconstruction) at level 2.

Radiation exposure was assessed for the protocol-driven
follow-up imaging, which consisted of 2 CT scans acquired
after fracture healing, with patient repositioning between scans
for precision assessment. These scans were acquired using a
consistent low-dose protocol and had reliable per-examination
dose information available. The cumulative effective dose for
the follow-up imaging ranged from approximately 1.4 to 4.6
mSv per patient, corresponding to 0.6-2.4 mSv per individual
scan. Perioperative CT examinations (preoperative and post-
operative) were performed within routine clinical workflows
and were therefore subject to greater variability in acquisi-
tion parameters compared with the protocol-driven follow-up
examinations. When considering the study-related postopera-
tive CT together with the protocol-driven follow-up examina-
tions, the estimated cumulative effective radiation exposure
ranged from approximately 5 to 16 mSv per patient, remaining
below the maximum cumulative dose of 20 mSv approved by
the Swedish Ethical Review Authority (EPM dnr 2020-00727;
amendment dnr 2020-05241).

Image analysis

The images were analyzed using the Sectra CT-based post-
processing Micromotion Analysis (CTMA) software (v 26.1).
Two rigid bodies were identified in each CT scan (the femoral
shaft and the femoral head, or the spiral blade and the nail).
The stationary body (shaft or nail) was aligned using surface-
based rigid registration, while the contralateral body was mea-
sured relative to this fixed reference. Figure 1 illustrates the
principle of stationary vs moving body registration as imple-
mented in CTMA.

To describe the direction of the displacement/movement, a
coordinate system was first fitted on the image stack (Figure
2). This involved finding the long axis of the femoral shaft on
coronal images and then rotating the perpendicular axis along
the axis of the femoral neck. This fitting was performed on
the injured side for measurements of initial fracture displace-
ment and surgical reduction, and on the postoperative images
for measurements of postoperative displacement. For mea-
surements of the movement of the spiral blade the coordinate
system was oriented along the long axis of the blade, such
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Figure 1. Schematic illustration of the rigid body registration used in CT-based
micromotion analysis (CTMA). The stationary body (femoral shaft or nail) is fixed
in space, while the moving body (femoral head or spiral blade) is analyzed rela-
tive to it. The left panel illustrates the analysis on how the femoral head moves in
relation to the femoral shaft. The right panel illustrates how the spiral blade moves
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Figure 2. Definition of the coordinate systems and reference
points used for displacement and movement analyses. (A)
Frontal view. (B) Axial view from above of a right hip. The
black arrow indicates the global anatomical y-axis. Blue
arrows illustrate the coordinate system used to quantify
movement of the femoral head relative to the fixed femoral
shaft. Red arrows illustrate the coordinate system used to
quantify movement of the spiral blade relative to the fixed
intramedullary nail. Blue circles indicate the reference point
defined within the femoral head fragment, and red circles
indicate the reference point defined at the tip of the spiral
blade. Positive translation was defined as movement of the

in relation to the nail.

that the sliding motion of the blade in the nail was recorded as
translation in the x-axis.

The displacement and movement were measured as transla-
tion along, and rotation about, the x-, y-, and z-axes of the fitted
coordinate system (see Figure 2). Positive translations were
defined by the direction of the corresponding axis arrows. To
allow pooled interpretation across right- and left-sided frac-
tures, the coordinate system was side-normalized such that the
same sign conventions were applied to both sides. Positive
rotations were defined according to the right-hand rule about
each axis. Translation represents linear displacement of the
moving body relative to the fixed reference body, while rota-
tion represents angular displacement in the fitted coordinate
system. Both were reported in the analysis.

The total movement for both translation and rotation were
calculated using the Euclidean distance formula:

Total Translation = y/x2 + y2 + 22

Total Rotation = 4/60% +62 + 67

where:

X, y, and z are the translational displacements/movements
along the respective axes,

0,, ey and 0, are the rotational displacements around the
axes of the fitted coordinate system.

Measurements of initial fracture displacement and
operative fracture reduction

Fracture displacement was measured relative to the anatomy
of the contralateral hip. Comparative images were created by
mirroring the images of the uninjured hip, which involved
left-right inversion of the CT volume to match the injured
side. The femoral shaft of these images was aligned, and dif-

reference point in the direction of the corresponding arrow.
Positive rotations were defined about each axis according
to the right-hand rule; positive z-rotation is illustrated by the
curved arrow in panel B. In clinical terms, negative x-transla-
tion roughly corresponds to medialization of the shaft, nega-
tive z-translation to leg shortening, and positive z-rotation to
external rotation of the femoral shaft.

ferences in the position of the femoral heads were measured.
The same procedure was applied to the postoperative and
follow-up images.

Measurements of movement of the femoral head
between the postoperative time point and the follow-
up time point

The images of the fractured hip from the postoperative exami-
nation were compared with the images taken at the follow-up
time point. The change in the position of the femoral head
from the postoperative images was determined and presented
as the postoperative movement.

Precision analysis

Precision measurements were obtained by performing 2 com-
puted tomography (CT) scans on each patient at the follow-
up stage, after the fractures had healed. Between the scans,
patients were repositioned to simulate variability introduced
by the CT imaging process. Additionally, each measurement
involved marking the femoral head and spiral blade, and deter-
mining reference points for both, which also contributed to
variability. The movements of the femoral head and the spiral
blade of the osteosynthesis material were measured in relation
to the femoral shaft. Translation and rotation were assessed
in the X, y, and z dimensions, with total movement calculated
using the Euclidean distance formula.

Statistics

This was a descriptive methodological study aimed at devel-
oping and validating a CTMA-based workflow, and therefore



Acta Orthopaedica 2026; 97: 344—351

347

Table 1. Study cohort characteristics. Classification was accord-
ing to Chang et al. [5] and tip—apex distance was measured on the
postoperative CT in the lateral and frontal planes

Fracture Tip—apex Days Days

Fractured classi- distance to post- to
Patient Age side fication (mm) operative CT follow-up
1 79  Right 31a2.2 18 3 311
2 77  Right 31a3.4 14 1 274
32 81  Left 31a2.2 17 1
42 81 Right 31a2.3 17 1
Bt 73 Left 31a2.2 9 1 192
6 82 Left 31a3.3 12 S 142
7 83  Left 31a2.2 17 1 174
8 76  Left 31a1.3 9 1 182
9 75  Left 31a2.2 28 1 124
10 85 Left 31a2.4 11 4 129
11 83  Right 31a3.4 15 1 125
12 84  Left 31a4.1 14 S 122
13 79  Right 31a2.3 19 1 121
14 70 Right 31a4.1 17 1 124
15 83  Left 31a2.2 19 4 126

2 Missing follow-up CT (excluded from precision and movement
analyses).

b Missing preoperative CT (excluded from displacement analyses)
due to clinical timing constraints after inclusion.

no formal sample size determination was performed. The
sample size was chosen to capture variability in fracture char-
acteristics and to allow estimation of measurement agreement
and repeatability. Based on previously reported precision of
the method, with translation errors below 0.2 mm [7], it was
anticipated that a limited number of patients would be suf-
ficient to characterize variability at the sub-millimeter level.

For each variable, we calculated the signed paired-scan dif-
ference A = measurement, — measurement; between 2 repo-
sitioned follow-up CT scans. Measurement agreement was
summarized using the mean bias (A), the standard deviation
of paired differences (SD[A]), 95% repeatability coefficients
defined as 1.96 x SD[A], and Bland—Altman limits of agree-
ment defined as mean(A) + 1.96 x SD[A], all expressed in
original units. Lower repeatability values indicate higher mea-
surement precision (in accordance with current recommenda-
tions for reporting agreement studies [13,14]).

Missing data was handled based on the availability of
specific CT scans. 2 patients without follow-up CTs were
excluded from the agreement and movement analyses, while 1
patient without a preoperative CT was excluded from the dis-
placement analyses (see Table 1, Supplementary Figure S1).
This ensured that each patient was included in the analyses for
which complete data was available.

Ethics, registration, data sharing plan, funding, and
disclosures

The study was approved by the Swedish Ethical Review
Authority (dnr: 2020-00727). As this was a prospective obser-
vational methodological study and not an interventional clini-

cal trial, it was not prospectively registered in a public trial
registry. The study was recorded in the local University Hos-
pital clinical trial database.

De-identified data and analysis code are available from the
corresponding author upon reasonable request and will be
retained for at least 10 years at Uppsala University Hospital.
Al tools were used for language editing and support in code
development for data management and statistical implementa-
tion. Al tools were not used to generate results or make scien-
tific conclusions independently. All analyses, interpretations,
and final manuscript content were reviewed and approved
by the authors. This study was financed by grants from the
Swedish state under the ALF agreement between Uppsala
University and Region Uppsala. OS is employed by Sectra
AB, the vendor of the CTMA software. The study team pur-
chased CTMA processing from Sectra; OS performed the
processing and contributed to planning, figures, and editorial
revisions. Sectra had no role in data collection, data interpre-
tation, or the decision to publish. HA, KBJ, and MH declare
no competing interests. Complete disclosure of interest forms
according to ICMIJE are available on the article page, doi:
10.2340/17453674.2026.45785

Results
Patients

We included 15 patients with a trochanteric hip fracture, of
whom 13 had follow-up imaging and could be included in the
agreement and movement analyses; 2 had incomplete imaging
and were therefore eligible for only parts of the analysis (Table
1, Figure S1). Patient characteristics, fractured side, and
fracture classification are presented in Table 1, while patient
inclusion and image availability at each time point, including
analysis-specific exclusions, are summarized in Supplemen-
tary Figure S1. All fractures were treated with a cephalomed-
ullary nail, varied in complexity and displacement, and were
radiologically healed at the follow-up.

Precision analysis

Repeatability (95%) was sub-millimetric for translations and
well below 1° for rotations for both the femoral head and the
spiral blade across axes. Detailed agreement results included
mean bias, standard deviation of paired differences, repeat-
ability coefficients, and Bland—Altman limits of agreement
(Table 2).

Initial fracture displacement and surgical reduction

Initial fracture displacement was substantial, with a mean total
displacement of 56° (range 15.7-91.9) in rotation and 48 mm
(range 8.8-64.6) in translation. Postoperative displacement
improved markedly, with mean total rotation reduced to 17.5°
(range 7.1-37.1) and mean total translation reduced to 16 mm
(range 5.1-36.7). At follow-up, displacement remained almost
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Table 2. Agreement and repeatability of CTMA measurements.
These metrics quantify the agreement between repeated CTMA
measurements expressed in original units

Body and movement Mean Repeat- LoA
Dimension n bias (A) SD(A) ability 95% lower to upper

Femoral head rotation (°)

X 13 0.01 0.33 0.66 —0.65 to 0.66
y 13 -0.02 0.22 0.43 —0.44 t0 0.41
z 13 0.07 0.38 0.75 —0.68 to 0.81
Total 13 048 0.25 0.49 0.00 to 0.97
Femoral head translation (mm)
X 13 -0.05 0.19 0.37 —0.4310 0.32
y 13 -0.04 0.22 0.43 —0.47 t0 0.38
z 13 -0.02 0.1 0.23 —0.24 t0 0.21
Total 13 026 0.17 0.34 0.00 to 0.59
Spiral blade rotation (°)
X 13 -0.01 0.23 0.45 —0.46 to 0.44
y 13 -0.03 0.12 0.23 —0.26 to 0.21
z 13 0.02 0.22 0.43 —0.41 10 0.44
Total 13 0.31  0.10 0.20 0.11 to 0.51
Spiral blade translation (mm)
X 13 -0.02 0.09 0.17 —0.20t0 0.15
y 13 0.038 0.23 0.45 —0.42 t0 0.49
z 13 0.02 0.13 0.26 —0.2410 0.28
Total 13 024 0.14 0.28 0.00 to 0.52

Mean bias (A) = signed paired-scan difference (A) (scan2 - scan1)
between repositioned follow-up scans.

SD(A) = standard deviation of paired differences.

Repeatability 95% = 1.96 x SD(A).

LoA = Bland—Altman limits of agreement = mean (A) = 1.96 x SD(A).
Total = Euclidean total across axes, which means lower LoA = 0.

unchanged from postoperative values; rotation increased
slightly by an average of 2.9° (from 17.5° to 20.3°), while
translation remained stable with mean changes less than 1
mm. Displacement changes over time are illustrated in Figure
3, with examples of surgical reduction shown in Figure 4.

Displacement directions were largely consistent. For rota-
tion, all but 1 patient showed positive rotation around the
z-axis, indicative of external rotation of the femoral shaft. 1
patient (patient 6) demonstrated negative rotation around the
z-axis due to a transverse intertrochanteric (31A3.3) frac-
ture with an internally rotated distal fragment preoperatively.
Similarly, translation along the z-axis was uniformly negative
(shortening) except in patient 7, who had a positive z-axis
translation (4.6 mm) combined with negative rotation around
the y-axis, reflecting valgus alignment.

Secondary movement during healing

In the 13 patients who underwent both postoperative and fol-
low-up CT scans, secondary femoral head movement clearly
exceeded measurement precision, as defined by the repeatabil-
ity limits in Table 2. Mean total rotation was 5.4° (CI 2.8-8.1)
and mean total translation was 6.4 mm (CI 3.9-8.9). Spiral
blade translation was slightly less, with a mean total transla-
tion of 5.4 mm (CI 3.0-7.9) (Table 3). Examples of small and
large movement between surgery and healing are shown in
Figure 5.

Total rotation (°)

Total translation (mm)

0
Preoperative

Postoperative
Timepoint
Figure 3. Fracture displacement over time. Each patient is represented
by a separate line. Total displacement in relation to the contralateral

hip was measured at 3 time points.

Postoperative
Timepoint

0
At follow up Preoperative At follow up

Preop. Postop.

Patient 15

Patient 3

Figure 4. Fracture reduction quality as measured by CTMA. The frac-
tured hip (blue) is superimposed on the mirrored contralateral hip
(yellow) with the femoral shaft fixed. Patient 3: example with good
reduction (low postoperative total displacement). Patient 15: example
with poor reduction (higher postoperative total displacement). Each
case is shown preoperatively (left) and postoperatively (right). Quanti-
tative totals for these examples are reported in Table S1.

Axis-specific analyses revealed femoral head translation
primarily along the z-axis, representing leg shortening (mean
—4.4 mm, CI -6.8 to —2.1), and along the x-axis, represent-
ing femoral shaft medialization (mean —3.3 mm, CI —4.6 to
—2.0). Movements along these axes were uniformly consistent
across all fractures. Rotational movement was greatest around
the z-axis (mean 2.4°, CI 0.24.6), corresponding to internal
rotation of the head relative to the shaft, i.e., external rota-
tion of the shaft fragment during healing, although 3 patients
had minor rotations in the opposite direction. The spiral blade
exhibited marked translation only along its long axis (x-axis),
with a mean translation of —5.0 mm (CI -7.6 to -2.5), consis-
tent with sliding of the blade within the nail (see Table 3).

Discussion

The aim of this study was to evaluate CT-based micromotion
analysis (CTMA) with respect to measurement agreement for
quantifying fracture displacement, surgical reduction, and
postoperative fragment movement in trochanteric hip frac-
tures treated with cephalomedullary nails. The main findings
were that CTMA showed measurement agreement sufficient



Acta Orthopaedica 2026; 97: 344-351 349

Table 3. Movement of the femoral head and spiral blade between postoperative and follow-  clinical patterns, including leg short-
up scans. Values are shown as rotation (°) and translation (mm). Femoral head movement ening external rotation of the femoral

was measured in relation to the shaft fragment and the movement of the blade in relation R
to the nail shaft, and femoral shaft medialization.

Radiostereometric analysis (RSA)
has previously been used to study frac-

Spiral blade . . .

Head rotation Head translation translation ture and implant motion in trochan-
Patient X y z total X y z total X  total teric hip fractures, providing detailed
1 089 041 052 111 -251 131 058 289 -po04 349  descriptions of fracture behavior during
2 120 303 602 681 -7.65 7.34-1511 1846 -1623 1630  healing, including femoral shortening
3 = = = = = = - - - - and rotational changes [15,16]. How-
4 - _ _ _ - _ — - — — . .
5 163 171 066 246 -551 012 -856 1018 —11.98 1201  CVer, the invasive nature of RSA and
6 065 0.8 035 076 -1.39 0.81 -3.61 395 -1.85 200 its limited availability have restricted
7 0.80 -0.83 1.34 177 -205 111 -039 236 -2.56 2.61 its use primarily to small, specialized
8 242 121 -170 321 -3.38 -0.02 -3.81 509 -3.88 3.89
9 1281 187 1141 1738 —424 —079 -862 964 736 741  research cohorts. CTMA, by contrast,
10 199 -013 519 556 -0.36 545 -071 551 -0.38 1.24  provides precise three-dimensional
11 -753 031 -379 844 -364 233 -3.07 530 437 438 quantifications that may help identify
12 703 249 681 1020 -625 -235 -484 825 -589 6.29 - :
13 296 082 067 249 -047 208 —243 324 178 284  Jisplacement patterns of prognostic
14 8.45 -1.84 386 941 -517 -113 -582 7.87 -7.08 7.40  relevance. It may also offer new possi-
15 053 -0.05 090 1.05 -0.13 056 -022 0.62 0.01 097 bilities for studying implant placement.

Mean 116 071 238 543 -329 129 —444 641 -503 543 : . ~
Median —0.65 041 080 321 338 081 361 530 -3s8 agg 1P apex distance (TAD) is currently
SD 536 1.35 411 490 241 263 429 463 473 449  a widely accepted predictor of implant
Cllower -1.76 -0.03 0.15 277 -460 -013 -6.77 389 -7.60 298 failure [17], but it represents only a sim-
Cl upper 4.07 1.44 4.61 8.10 -1.98 272 211 8.93 —2.46 7.87 phﬁed description of implant pOSitiOH.

Clinical interpretation provides approximate clinical descriptors for movement directions CTMA could enable a more compre-
whose 95% confidence intervals did not cross zero. hensive three-dimensional assessment
Negative z-translation of the femoral head indicates leg shortening. : :

Positive z-rotation of the femoral head indicates external rotation of the femoral shaft. of implant pla.ceme.nt and hélp clarify
Negative x-translation of the femoral head corresponds to medialization of the shaft. whether TAD itself is the critical factor
Negative x-translation of the spiral blade represents movement along the blade long axis. or merely a proxy for other aspects

of malposition that are more strongly
associated with failure. Such analyses
Postoperative Healed Postoperative Healed may improve understanding of which positional factors are
truly prognostic and could also support evaluation of new
implant designs. Furthermore, postoperative movement
measured by CTMA over time may serve as a proxy for later
failure or unfavorable clinical outcomes, as excessive move-
ment may indicate insufficient stability. CTMA might also
be adapted to assess inducible movement in incompletely
healed fractures, which could help identify healing distur-
bances by demonstrating persistent motion under different
loading conditions [18].
Due to the small sample size, we were unable to analyze
. clinical outcomes or associations between initial fracture dis-
Patient 2 Patient 15 placement, postoperative displacement, or TAD and subse-
Figure 5. CT sections illustrating postoperative and healed images  quent fracture movement during healing. Future larger stud-
from 2 patients. The upper row shows patient 2 with the greatest ¢ ith sufficient statistical power should comprehensively
observed movement between the postoperative and follow-up scans, - o ) .
while the lower row shows patient 15 with minimal movement. Postop- ~ €Xplore these important clinical questions. Such studies could
erative images are shown in the left column and follow-up images after ~ employ multivariate regression models, incorporating vari-
fracture healing in the right column. ables such as initial displacement magnitude, fracture type,
patient BMI, and bone quality, to refine predictive models and
to support detection of clinically relevant movement. Trans-  enhance clinical decision-making.
lation repeatability thresholds were below 1 mm, whereas
the mean observed post-surgical movement was 6.4 mm. In  Limitations
addition, the directions of both initial fracture displacement The primary limitation of this study is the small sample size,
and postoperative movement were consistent with established ~ which restricted our ability to analyze clinical outcomes

N
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and limits generalizability. Nevertheless, the study provides
a methodological basis for future investigations in larger
cohorts.

Radiation exposure remains an important issue when con-
sidering CT-based methods for evaluating fracture reduction
and postoperative movement in clinical practice. In the pres-
ent study, the protocol-driven follow-up CT examinations
were associated with relatively low and consistent effective
radiation doses on an individual level, supporting the practi-
cal use of this approach. Similar to radiostereometric analysis
in arthroplasty, longitudinal assessment of fracture or implant
movement over time may provide clinically meaningful infor-
mation, provided that radiation exposure is kept at an accept-
able level. With further protocol optimization and ongoing
developments in CT technology, such as photon-counting CT,
effective radiation dose may be reduced even further while
maintaining sufficient image quality [19].

Additionally, some measurement variability may arise from
how the coordinate system is defined across scans. In the pres-
ent software implementation, the coordinate system could not
be fixed to the mirrored non-injured hip as a stable anatomical
reference. Instead, for displacement analyses, the coordinate
system had to be defined on the fractured side for each scan.
Small differences in coordinate system orientation between
scans may therefore contribute to variability in the measured
translations and rotations. This limitation primarily affects
analyses of absolute fracture displacement relative to the
contralateral hip and is less relevant for movement analyses
between postoperative and follow-up scans. Addressing this
limitation in future software developments could significantly
enhance precision. Furthermore, metal artifacts from implants
can pose challenges for image interpretation; although this was
mitigated in our study through the use of titanium implants,
future studies involving stainless steel implants might face
greater artifact-related difficulties. Finally, a potential limita-
tion of using the contralateral hip as an anatomical reference
is that asymmetry due to degenerative changes or prior pathol-
ogy on the uninjured side may complicate or preclude its use
as a reliable reference. This consideration may be more rel-
evant in future large-scale studies, where contralateral pathol-
ogy cannot always be excluded.

Conclusion

This study demonstrates that CTMA had good measurement
agreement and repeatability for quantifying fracture displace-
ment, surgical reduction, and postoperative fragment move-
ment in trochanteric hip fractures. The method provides
detailed three-dimensional information on displacement
magnitude and direction that is not accessible with standard
two-dimensional imaging. Further studies in larger cohorts
are required to evaluate the clinical implications of these mea-
surements and to determine how CTMA may contribute to
future fracture assessment and management.
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