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Abstract

Background: Management of the distal radius fracture (DRF) is to some extent based on radiographic characterization of
fracture displacement. It remains unclear, however, if the measurements used to quantify displacement are accurate.

Purpose: To quantify accuracy of two radiographic measurements: dorsal/volar tilt and fracture compression, measured
indirectly as ulnar variance (UV), using radiostereometric analyses (RSA) as reference standard.

Material and Methods: Twenty-one fresh frozen non-fractured human cadaveric forearms (right = I 1, left = 10) were
thawed and eligible for inclusion. The forearms were mounted on a custom made platform that allowed for controlled
forearm rotation, and they underwent two rounds of imaging (both rounds consisted of RSA and radiographs). In round
one, the non-fractured forearms were radiographed. In round two, artificial DRF’s with compression and dorsal angulation
were created and imaging procedures repeated. Change in tilt and UV between the non-fractured and later fractured
forearms was defined as fracture-induced deformity. Deformity was measured radiographically and additionally calculated
using RSA. Bland Altman analyses were used to estimate agreement between radiographically measured, and RSA cal-
culated, fracture-induced deformity.

Results: Our results indicated that radiographs underestimate the amount of fracture-induced deformity. Mean measured
differences (bias) in dorsal tilt deformity between radiographs and RSA were —2.5° for both observers. The corresponding
values for UV were —1.4 mm and —1.5 mm.

Conclusion: Quantifying fracture-induced deformity on radiographs underestimated the actual deformity when com-
pared to RSA calculated deformity. These findings suggest that clinicians, at least in part, base fracture management and
potentially corrective surgery on inaccurate measurements.
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Introduction

The distal radius fracture (DRF) is one of the most common
types of orthopedic injuries, and the incidence appears to be
increasing, particularly in the elderly population. Traditionally,
diagnosis and treatment of a DRF is partly based on radio-
graphic characterization and quantification of fracture dis-
placement. Computed tomography (CT) is primarily used as a
supplementary diagnostic tool in equivocal cases, particularly to
obtain detailed information on intra-articular involvement of the
distal radius and/or the distal radioulnar joint.>* Therefore,
initial choice of treatment is often based on radiographs which is
also reflected in numerous clinical practice guidelines (CPG)
internationally. Although not identical, many CPG recommend
including the radiographic measurements of dorsal tilt and ulnar
variance (UV) in the treatment decision with suggested
benchmark values above which fracture reduction or surgery is
recommended.”*>® An inherent issue when adding clinical
value to radiographic measurements is reliability, which, in the
case of a DRF, may be influenced by factors such as observer
variability, method of measurements, and positioning of the
forearm.”'? Another, equally important, although less explored,
aspect is measurement accuracy. Can the three-dimensional
morphology of a DRF be accurately described from two-
dimensional radiographs? A recent systematic review was
not able to uncover conclusive evidence on accuracy of neither
dorsal/palmar tilt nor UV."® Given the widespread use of ra-
diographic measurements in the clinical decision-making pro-
cess and as predictors of outcome in patients with a DRF,
strikingly little data on measurement accuracy is available,
perhaps because of the lack of an acceptable reference standard.
In a laboratory setting, radiostereometric analyses (RSA) can be
used to estimate a reference standard for fracture induced
displacement by quantifying movement of the distal fragment.

Accuracy of the radiographically measured dorsal tilt
and UV remains uncertain implying that clinical decision-
making and management of DRFs may, in part, be based on
uncertain measurements warranting further studies ex-
ploring this topic. Accordingly, we designed a cadaver study
with the objectives of estimating accuracy of the radio-
graphically measured fracture-induced deformities of dorsal
tilt and UV using RSA as reference standard.

Material and methods

Ethical approval was waived by the Regional Ethics
Committee in accordance with the Danish law of health §14,
(Project-ID: S-20180077). This study was

methodologically designed and data collected, analyzed,
and reported with adherence to the Standards for Reporting
of Diagnostic Accuracy Studies (STARD) statements.'*

Preparation of specimens

Radiostereometric analysis is a research tool that can be
used to calculate the exact position of two segments in three
dimensions. The segments are point matrices defined by
small tantalum markers inserted into the bone. Two ra-
diographs are taken simultaneously through a calibration
box, and by use of RSA software, positions in space of the
segments are determined. Subsequently, movement of one
segment relative to another segment, as seen in the case of a
displaced fracture, is calculated and reported as translation
and rotation.

Twenty-one fresh frozen human cadaveric forearms,
severed mid-humerus, were consecutively thawed and el-
igible for inclusion (11 right; 10 left). The arms were
prepared for RSA analyses by insertion of markers in the
form of spherical tantalum beads, sizes 0.8 and 1.0 mm into
the non-fractured distal radii in two segments, a distal
periarticular segment and a segment approximately 4—-6 cm
above the radio-carpal joint. Distance between the two
marker-segments was made such that an artificial fracture
could be created approximately midways between the
segments at a later stage. In the first six forearms, the
markers were injected into cancellous bone using a spring-
loaded piston (RSA Biomedical AB, Umeaa, Sweden). In
arms 7-21, the markers were placed in cortical bone in pre-
drilled holes and secured with bone-wax. This change in
marker insertion allowed for a more controlled placement of
the markers. The non-fractured forearms with tantalum
markers were attached to a custom-made radiolucent
platform. The forearms were rigidly secured to a wooden
base on the platform with one Kirschner-wire (K-wire) from
the distal humerus through the olecranon and 2-3 K-wires
obliquely inserted from the ulna through the olecranon into
the wooden base (Fig. 1). This set-up allowed the radius to
rotate over a stationary ulna.

Image acquisition

To come as close to widely accepted radiographic posi-
tioning and imaging procedure, the following mounting and
imaging techniques were applied. The forearms were po-
sitioned for a true lateral radiograph in neutral mid-prone
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Figure |. Forearm secured to wooden platform with K-wires
through the distal portion of the forearm and the olecranon.

forearm rotation with the elbow flexed approximately 90°
and the ulna towards the platform. Neutral rotation was
defined as a radiograph where the most palmar aspect of the
pisiform superimposed the central third of the interval
between the palmar aspects of the capitate and the
scaphoid.'®

A slot underneath the platform allowed for the detector to
be placed under the forearm for the lateral radiograph. For
the cross-table posterior-anterior (PA) radiograph, the de-
tector was positioned beside the table resulting in an object-
to-detector distance. Hence, a calibration ball of known size
was positioned above the wrist and UV measurements
corrected accordingly. The platform was positioned such
that the longitudinal axis of the forearm was parallel to the
y-axis of the RSA calibration cage (uniplanar cage 43, RSA
Biomedical AB, Umeaa, Sweden).

A mobile x-ray unit connected to a ceiling mounted tube
allowed for synchronized acquisition of RSA images
(MultitomRax and MiraMax1, Siemens Healtineers, For-
chheim Germany). The RSA images were made with
140 cm focus-to-detector distance and tubes angled 17°
relative to the calibration cage. The ceiling mounted tube
was used for acquisition of radiographs at a focus-to-
detector distance of 100 cm. The radiographs were taken
with the center of the x-ray beam directed at the radial
styloid. The PA and lateral radiographs were acquired at
50 kVp and 2.5 mAs and the RSA images at 89 kVp and
14 mAs.

Seven sets of RSA images and radiographs (PA and
lateral) were taken of each forearm beginning with the non-
rotated image with the forearm in mid-prone position. In
order to mimic the variability in positioning occasionally
seen in clinical practice, where true PA and lateral radio-
graphs are not always possible, the procedure was repeated

with the donor-arms slightly rotated, that is, supinated and
pronated. Using a K-wire in the proximal radius against a
goniometer attached to the platform, the procedure was
repeated with the donor-arms rotated in increments of an
estimated 5° (—15°, —10°, —5°, 0°, +5°, +10°, +15°).
Negative values indicate supination and positive values
pronation. As a result, three pronated, one neutrally posi-
tioned, and three supinated radiographs and RSA stereo-
graphs were obtained of each arm. Radiographs and RSA
images were obtained in the same position before rotating to
the next position.

Creation of fracture

Following completion of round one (non-fractured images),
the forearms were detached from the platform, and a
consultant hand surgeon created artificial DRFs with
compression and dorsal angulation. The fractures were
created approximately midways between the two marker
segments. The radius was accessed via a dorsal approach.
Using a K-wire drill the radius was weakened and an os-
teotome was used to further break the cortical bone. During
the procedure, attempts were made to protect soft tissue
including ligaments. The distal fragment, containing the
periarticular distal marker segment, was manually displaced
in a proximal and dorsal direction. It was attempted to
induce approximately 10° of dorsal tilt, which is the degree
of displacement commonly suggested for surgical decision
making in CPGs.”® Hereafter, the fracture was stabilized
using crossed K-wire fixation. Two to three K-wires were
introduced in the distal-proximal direction through the
fracture site. If additional control of the distal fragment was
deemed necessary, another K-wire was inserted. It was
attempted to avoid projection of K-wires over anatomical
landmarks used for radiographic measurements. Finally, the
forearms were re-attached to the platform and the RSA and
radiographic procedures were repeated as described above.
Hence, all forearms underwent two rounds of RSA and
radiographic imaging, that is, non-fractured, and fractured.

Fracture-induced deformity

Fracture-induced deformity was defined as the change in tilt
and UV brought on by creation of fracture, that is, the
relative difference between radiographic measurements
from the non-fractured to the later fractured forearm.

Radiographs

Radiographs were stored in a Picture Archiving and
Communication System (GE healthcare, Illinois, USA).
Two observers with more than 20 years of experience,
namely a musculoskeletal radiologist (“Blinded for ano-
nymity”’) and a consultant hand surgeon (“Blinded for
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Figure 2. Radiographic measurements. Ulnar variance is measured as the difference i axial length between two lines perpendicular to
the longitudinal axes of the radius. The two lines are placed against the most distal points of the ulnar and radial articular surfaces,
respectively. Dorsal/volar tilt of the radial articular surface is measurend as the angle between two lines, one line connecting the palmar
and dorsal surfaces of the distal radius and a line perpendicular to the longitudinal axes of the radius.

anonymity”), independently measured dorsal tilt and UV in
a blinded and randomized fashion. A detailed protocol on
measuring technique was presented to the observers to
maximize consistency. Tilt was defined as angulation of the
radial articular surface in the coronal plane. Ulnar variance,
the length of the ulna relative to the radius, was used as an
indirect expression of axial fracture compression or dia-
stases (Fig. 2). Observers entered the measurements into an
electronic database (REDCap, Research Electronic Data
Capture).

RSA

For the purpose of this study, the RSA calculated magni-
tudes of fracture deformity were defined as reference
standard. By comparing change in positioning of the distal
segment in the fractured forearm relative to the same
forearm prior to creation of fracture, quantification of RSA

calculated fracture-induced deformity was achieved. The
forearms were positioned in a lateral position along the
y-axis of the calibration cage. Hence, according to the RSA
coordinate system, rotation of the distal segment around the
Z-axis (Z") was an expression of dorsal tilt (negative values)
and palmar tilt (positive values). Fracture compression was
comparable to positive translation of the distal fragment
along the Y-axis (Y') where negative values would indicate
fracture diastasis. Signed values for tilt were reverted for left
arms. All RSA analyses were made using the UmRSA
software system (7.0, RSA Biomedical AB, Umeaa,
Sweden) by one author (JJ).

Eligibility criteria

Individual tantalum marker segments were defined as rigid
bodies. By comparing marker configuration between two or
more exams, the rigid body model can be tested for
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deviations indicating unstable markers. Movement of
marker(s) within a segment was expressed as the mean error
of rigid body (ME), and calculated by the RSA software. To
minimize bias from unstable markers, an upper limit of
ME < 0.35 mm was used as eligibility criteria.'” Addi-
tionally, the condition number, calculated by the RSA
software was presented as an indication of marker disper-
sion within the arms. Low condition numbers indicate well-
dispersed markers where close and/or co-aligned markers
increase the condition number.'® Condition
numbers <300 is recommended."’

Statistical analyses

Radiographic and RSA fracture-induced deformities were
presented as mean and standard deviation (SD). Spatial
marker distribution as described by the condition number
was presented as mean and range. Agreement between RSA
and radiographically estimated fracture-induced deformity
was assessed and illustrated using Bland—Altman (BA)
plots with Limits of Agreement (LoA) and 95% confidence
intervals (CI).>*?' Results were considered statistically
significant if p <.05. The Stata Version 16 (StataCorp. 2019,
TX) was used for all statistical analyses.

Results

Three donor-arms were excluded based on an ME above
0.35. One donor arm had to be excluded as K-wires su-
perimposed on tantalum markers to an extent where the
RSA-analyses could not be made. A final cohort of
17 donor-arms, 8 right and 9 left, were included. With seven
radiographs and RSA-images of each forearm, 119 sets of
images were included from each round of imaging, that is,
non-fractured and fractured. Condition numbers ranged
from 34 to 311 (Table 1).

Accuracy of fracture induced deformities

Both observers agreed that the radiographically measured
fracture induced deformity of both dorsal tilt and UV was
underestimated when compared to the deformity calculated
using RSA. When including images in all degrees of
forearm rotation, the mean radiographically measured
change in tilt brought on by fracture was 14.3° (SD = 10.6)
and 14.4° (SD = 9.2) for observer 1 and 2, respectively
(Table 2). Including only measurements from the non-
rotated images, the values were 12.1° (SD = 10.2) and
12.7° (SD = 12.8) for observer 1 and 2, respectively. The
corresponding value was 16.9° when calculated by RSA,
indicating that radiographically measured tilt is under-
estimated with between 2 and 4°. Radiographically mea-
sured fracture-induced deformity of compression was
underestimated by 1.4 and 1.5 mm for observer 1 and 2,

5
Table I. Forearm condition numbers based on RSA analyses.
Non-fractured Fractured
Mean (range) Mean (range)
Proximal segment 146 (89 to 297) 144 (89 to 311)

Distal segment 55 (34 to 116) 50 (34 to 86)

Non-fractured (n = 147); Fractured (n = 119).

Table 2. Fracture induced deformity. Mean measured fracture
induced deformities of observer |, 2, and RSA, respectively, based
on data from all radiographs (n = 119) and from the reference

(non-rotated) radiographs (n = 17).

Tilt Fracture compression
Radiographs Mean (SD) Mean (SD)
Observer | All 14.3 (10.6) 0.2 (1.4)
Reference 12.1 (10.2) 0.0 (1.2)
Observer 2 All 14.4 (9.2) 0.1 (1.6)
Reference 12.7 (12.8) 0.3 (1.5)
RSA All 16.9 (6.6) 1.6 (1.6)

All: All radiographs (supinated, pronated and non-rotated), Reference:
Non-rotated reference radiographs, SD: Standard deviation; RSA: Radio-
stereometric analyses; Tilt reported in degrees and fracture compression in
mm.

respectively, in comparison to RSA calculated fracture
compression.

Using the BA LoA analyses, the bias estimates between
radiographic and RSA calculated fracture-induced dis-
placement were all negative and statistically different from
0, thus they supported the notion that the radiographic
measurements underestimate fracture displacement. Mean
measured difference between radiographs and RSA of
fracture induced tilt was —2.5° (95% CI: —4.23 to —0.82)
and —2.5° (95% CI: —3.9 to —1.1) for observer 1 and 2,
respectively (Table 3). Disagreement between radiographs
and RSA is further emphasized by broad LoA. The outer
BA LoA (dorsal tilt) for observer 1 and observer 2 versus
RSA were —23.66 to 18.62 and —19.67 to 14.73, respec-
tively. Bias for fracture compression were —1.4 mm (95%
Cl. —1.64 to —1.14) and —-1.5 mm (95% CIL
—1.79 to —1.16) for observer 1 and 2, respectively. Bland—
Altman plots with LoA, bias and respective 95% CI are
shown for RSA versus observer 1 and 2 for tilt and fracture
compression, respectively, in Fig. 3.

Discussion

Despite the fact that RSA is not a clinical tool available for
measuring tilt and UV in patients with a DRF, the results
from the current study does suggest the need for a critical
evaluation of methods in regard to radiographic
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Table 3. Bland-Altman limits of agreement and mean estimated differences between RSA and observer | and 2, respectively.

Bias Bias Limits of 95% Cl of lower limit of 95% ClI of upper limit of
Mean (SD) 95% CI agreement agreement agreement
Tilt Oyvs. —25(94) —423to—-082 —20.89to 1583 —23.66 to —18.87 13.82 to 18.62
RSA
Oyvs. —25(77) —390to —1.10 —174] to 1246 —19.67 to —15.77 10.83 to 14.73
RSA
Fracture Oivs. —14(14 —164to—1.14 —4.12to0 1.34 —4.54 to —3.82 1.04 to 1.75
RSA
Compression O, vs. —15(1.7) —1.79to —1.16 —4.74to 1.83 —5.24 to —4.38 1.47 to 2.32
RSA

SD: Standard deviation; Cl: confidence interval; O: observer |; O,: observer 2; RSA: Radiostereometric analyses; Tilt is reported in degrees; Tilt, Dorsal
(—), Palmar (+); Fracture compression is in mm.
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Figure 3. Bland-Altman plots displaying differences between RSA and radiographically measured fracture induced deformity for both
observers. Differences are found by deducting the RSA value from the radiographically measured value. The solid black lines indicate
upper and lower 95% limits of agreement, shaded blue areas depict respective confidence intervals. The dotted line represents the
estimated bias, that is, the mean measured difference between RSA and radiographs; shaded green areas show respective confidence
intervals. The bias line is below zero in all cases, indicating that radiographic measurements underestimated the measured values when
compared to RSA.

characterization of DRFs, including the radiographic pro- compression were systematically underestimated when
cedure and method of measurement. compared to the RSA calculated fracture deformity. Con-

In the current study, the radiographically measured trastingly, it was previously reported that fracture deformity
fracture-induced deformities of dorsal tilt and fracture of tilt was overestimated when measured in radiographs.
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Computed tomography (CT) bone-surface models were
used as reference standard and fracture-induced deformity
defined as the difference between fractured and contralateral
unaffected forearm.””** The use of contralateral forearm
could potentially explain that outcomes were contradictory
to those reported in the current study. The laboratory nature
of our study allowed for the same arm to serve as its own
control, before and after creation of fracture, minimizing
bias in regard to possible morphological variation in be-
tween contralateral limbs. Another explanation could be
that anatomical landmarks may be differently depicted and
identified in three-dimensional bone models as compared to
two-dimensional radiographs. The finding that RSA and CT
demonstrate opposing results warrants additional research
though, particularly since CT may be used in cases that are
more complex where the radiographic characterization of
fracture is deemed insufficient.

In keeping with our findings, however, both aforementioned
studies reported that UV, as an expression of fracture com-
pression, was underestimated on radiographs.”>> The three-
dimensional multiplanar deformity typically displayed in a DRF
may, possibly be the primary contributor to the finding that
fracture compression is underestimated when measured radio-
graphically. It has previously been suggested that dorsal an-
gulation introduce bias to UV measurements made in the
coronal plane.** Anatomically, the dorsal aspect of the distal
radius extends distally in comparison to the palmar aspect,
forming the normal palmar tilt of approximately 12° in the
sagittal plane.”> In the current study, the palmar cortical rim of
the sigmoid notch was used when measuring UV. Dorsal an-
gulation of the distal fragment may, however, displace the
palmar aspect of the radial articular surface distally when seen in
the PA radiograph. If the palmar aspect of the radial articular
surface is displaced distally, the measurement of fracture
compression may be underestimated when measured as the
relative difference in axial length between the fractured radius
and the unaffected ulna. This notion is supported by Athlani and
colleagues who found that fracture compression was under-
estimated less in a group of DRF patients displaying palmar
deformity than in a group with dorsal deformity.*

Moreover, it has been suggested that the radiographically
depicted sclerotic demarcation of the palmar aspect of the
sigmoid notch disappears in fractures with pronounced
dorsal angulation and instead the dorsal aspect of the
sigmoid notch is seen as the sclerotic demarcation.?® If this
holds true, two different landmarks may have been used to
measure UV between the non-fractured and later fractured
forearms in the current study. Clinically, this would indicate
that two different anatomical landmarks may be used to
quantify fracture compression before and after reduction of
a compacted DRF fracture with dorsal angulation. Conse-
quently, fracture compression, estimated indirectly using
UV, should be interpreted with caution, particularly in the
presence of pronounced dorsal angulation.

One could argue though, that the clinical relevance of a
systematic underestimation of radiographic fracture defor-
mity may be of little clinical significance given the fact that
the thresholds suggested in CPGs are derived from radio-
graphic measurements and not from CT or RSA. Therefore,
a potential systematic underestimation is presumably in-
directly incorporated into the guidelines. Consequently, if
one universally accepted reliable method of measuring
existed, the systematic underestimation of radiographic
measurements suggested in the current study would perhaps
not be of clinical importance. There are, however, different
techniques described for measuring UV and if accuracy and
or reliability varies in between those methods, it becomes
problematic to establish reliable benchmark values for
treatment and outcome.”’*

A key aspect of an accuracy study is the availability of a
valid reference standard. Literature on accuracy of radio-
graphic wrist measurements is sparse, most likely because
of the lack of a reference standard that reflects the truth
adequately. The use of RSA as reference standard is a
limitation in the sense that the exact methodology applied in
the current study has not been used previously. RSA has
been shown to calculate micro-motion of DRF’s with high
precision and accuracy though.”* Marker based RSA cal-
culates movement based on geometric polygons made up of
patient markers. The anatomical region within which these
markers are dispersed does not influence analyses of
movement. We therefore presume that RSA was a valid tool
when calculating fracture induced deformities in the current
study. The use of a cadaveric model is a limitation, which
may compromise generalizability to an in vivo clinical
setting. While rigor mortis was not present after defrosting
the forearms, we cannot rule out the possibility of ligament
laxity, which might have influenced the distal radio-ulnar
relationship during forearm rotation.

In conclusion, this study demonstrated the difficulty of
accurately measuring displacement of a DRF on radio-
graphs. When using the RSA calculated fracture-induced
deformity as reference standard, all corresponding radio-
graphic measurements underestimated the fracture-induced
deformities. As such, the most accurate and reliable method
when quantifying tilt and UV remains unclear. Further
research is needed to improve our understanding of how to
most accurately and reliably quantify displacement in a
DRF and explore the difference between the various
methods of measuring.
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