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Abstract

Introduction

Gap and step-off measurements are generally used in the surgical decision-making process
of distal radius fractures. Unfortunately, there is no consensus on treatment choice as these
measurements are prone to inter- and intraobserver variability. In this study, we aim to intro-
duce a new 3D fracture quantification method and compare it to conventional fracture
analysis.

Methods

Forty patients with a minimally displaced intra-articular distal radius fracture that was treated
nonoperatively between 2008—-2015 were included. 2D-CT images were reassessed by
three orthopedic trauma surgeons who performed gap and step-off measurements. Subse-
quently, 3D models were created and a 3D measurement method for fracture displacement
was developed. For each fracture, the ‘3D gap area’ (3D surface between all fracture frag-
ments) was determined by three observers. Interobserver agreements were calculated for
all measurements, and the intraobserver agreement was calculated for the new 3D mea-
surement. All patients completed two questionnaires in order to link our measurements to
functional outcome.

Results

The interobserver agreement of the 2D measurements was fair (ICC = 0.54) for the gap and
poor (ICC = 0.21) for the step-off. The median gap was 2.8 (IQR: 1.9-3.5) mm and step-off
was 0.9 (IQR: 0.0-1.6) mm. Interobserver agreement on 3D gap area measurements was
excellent (ICC = 0.81), with a median difference between measurements of 6.0 (IQR: 2.0—
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19.0) mm?, which indicates reliable assessment of 3D fracture displacement. Intraobserver
agreement was also excellent (ICC = 0.98), with a median difference of 4.0 (IQR: 1.5-5.5)
mm?. No significant differences in clinical outcome were found between the above and
below 2mm displacement groups. The score of the DASH was 3.4 (IQR: 0.4-8.8) versus 4.2
(IQR: 0.0-11.6) respectively. Results from the PRWE questionnaire shows a similar result
of 3.5 (IQR: 0.0-12.6) versus 5.0 (IQR: 0.0-25.5).

Conclusion

3D gap area is a more objective measurement method compared to the conventional gap
and step-off measurements to quantify the level of fracture displacement of distal radius
fractures. 3D fracture assessment can be used in addition to the currently used classification
systems of distal radius fractures.

Introduction

Fractures of the distal radius are the most common type of fracture within the adult population
[1,2]. Fracture diagnostics at the time of injury is based on lateral and postero-anterior X-rays
of the wrist. In case of involvement of the articular surface, an additional CT-scan is often per-
formed, which enables more detailed fracture analysis [1,3]. Conventionally, imaging-based
measurements of fracture displacement are used to guide surgical decision-making. Among
these are gap and step-off measurements on single CT-slices, which quantify the intra-articular
incongruency. There is general consensus that operative treatment is indicated when the gap
and/or step-off exceeds 2 millimeters (mm) in order to avoid unsatisfactory patient-reported
outcome due to progressive osteoarthritis at long-term follow-up [4].

Unfortunately, the gap and step-off measure does not enhance uniformity in treatment
choice. The method is prone to high inter- and intraobserver variability, especially in patients
with minimally displaced fractures [1,5-8]. Moreover, conventional 2D-CT slices are often
insufficient to display the whole extent of complex intra-articular fractures [9-13]. In the last
two decades, there is a trend towards fracture classification and analysis based on 3D models
[14-18]. Recent studies showed that 3D fracture imaging modalities depict the true extent of
the fracture and are less prone to intra- and interobserver variability [17-19]. The use of 3D
measurements and quantification can provide the physician with additional insights into the
degree of fracture displacement, which might be helpful in patients in which controversy exist
about the optimal choice of treatment [5,18].

Despite increasing interest in a more extensive fracture analysis method, no uniform mea-
surement method is available to quantify fracture displacement in distal radius fractures. As
we encountered several issues with conventional 2D imaging modalities, we aim to introduce
and validate a 3D-CT measurement method for the analysis of intra-articular distal radius
fractures. We hypothesize that a quantitative 3D distal radial fracture displacement measure-
ment tool will improve the inter- and intraobserver agreement.

Methods
Patients

A diagnostic imaging study was performed in forty patients with a minimally displaced intra-
articular distal radius fracture (AO classification 23B and 23C). All patients received
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nonoperative treatment for their distal radius fracture between 2008 and 2015 in a level 1
trauma center. Cases were selected from our distal radius fracture database provided that they
were on the cutting edge of conservative or operative treatment as determined by two trauma
surgeons (KtD, FIJ). Patients were only included in case a CT-scan with a <1 mm slice thick-
ness was available.

This study was approved by the institutional board of the UMCG and the local medical eth-
ical committee (research number: 201800411). Written informed consent was obtained from
all participants.

3D models

A 3D model was created, based on the original CT-data of each fracture, by using Mimics
Medical software package (Version 22.0, Materialise, Leuven, Belgium) (Fig 1). CT-data
(DICOM files) were imported, and the bony tissue was extracted with a threshold (Hounsfield
units> 225). The region growing tool was used to remove noise and bony structures adjacent
to the radius. The fracture fragments of the radius were separated manually with the split mask
tool and assigned different colors.

PALMAR

—>»=0>»20
A2 C

Fig 1. 3D fracture model of the distal radius of patient 1. The central image displays a dorsal view of the fractured
radius with the hand and ulna in grey for orientation. The radial shaft is displayed in light blue. The randomly assigned
yellow, orange, and dark blue colors indicate intra-articular fragments. In this specific case the green fragment is
considered extra-articular.

https://doi.org/10.1371/journal.pone.0275206.g001
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A. Separate 3D models of B. Select intra-articular frac- C. Articular surface (red) on D. Manually marked E. Automatically calculated
all fracture fragments. ture fragments (colored). all intra-articular facture fracture lines (red). gap area (red) between the
fragments. fracture lines.

Fig 2. 3D gap area measurement (= 80 mm’) illustrated on the 3D models (volar view with 45 degrees tilt towards volar/ulnar side) of patient 7.
A: 3D model of the fractured wrist; B: All fragments are randomly assigned different colors (all four are intra articular in this case.); C: The articular
surface is marked red on all intra-articular parts; D: Fracture lines in the articular surface are marked red; E: The gap area (red) was automatically
calculated between the fracture lines.

https://doi.org/10.1371/journal.pone.0275206.9002

3D gap area measurements

The 3D gap area measurement was performed by three technical physicians with experience in
3D-modelling and fracture analysis (LR, AM, NA). 3D models were imported in the 3-Matic
Medical package (Version 14.0, Materialise, Leuven, Belgium) (Fig 2A), and assigned colors
randomly to improve fragment recognition (Fig 2B). The distal radial articular surface was
manually marked on every intra-articular fracture fragment and assigned to a separate surface
(Fig 2C). After marking, all articular surfaces were copied to a new part. Fracture lines were
extrapolated from the articular surface contours (Fig 2D). The fracture lines were connected
with the corresponding fracture lines of opposing fracture fragments. Then, a surface was cre-
ated in 3-matic based on the curve representing the fracture lines (Fig 2E) and the 3D gap area
was automatically calculated by 3-Matic. This process takes between 30-45 minutes depending
on the complexity of the fracture.

2D gap and step-off measurements

To compare the new 3D measurement method with the current clinical practice, conventional
2D measurements were performed on each patient by three trauma surgeons (JH, KtD, FIJ).
Observers were instructed to perform measurements on three CT-slices that contained the
largest gap and step-off in axial, sagittal and coronal views. The 2D gap, defined as the distance
between two fracture fragments along the articular surface (illustrated in Fig 3, left image), was
measured on the axial, sagittal and coronal CT-slices. Also, the 2D step-off, the largest dis-
placement perpendicular to the articular surface (illustrated in Fig 3, right image), was mea-
sured in sagittal and coronal slices. For further analysis, only the maximal gap and step-off per
observer per case was used.

Patient-reported outcome

Both the DASH (Disability of the Arm, Shoulder and Hand Questionnaire) and the PRWE
(Patient Rated Wrist Hand Evaluation) questionnaire were send to the patients by posted mail.
The DASH evaluates patient complaints and influence on daily life and hobbies. The PRWE is
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Fig 3. Coronal CT-slice of the wrist of patient 1 with a schematic representation of gap and step-off measurements. Left image: Measurement of the 2D
gap (3.6 mm). Right image: Measurement of the 2D step-off (1.6 mm).

https://doi.org/10.1371/journal.pone.0275206.9003

short questionnaire that analyses pain and loss of function in the past week. All patients that
were included fully completed and returned both questionnaires. Outcome of both question-
naires can range from 0-100 points, with a lower score indicating better patient-reported out-
come [20,21].

Statistics

All 3D gap area measurements were performed by three technical physicians (LR, AM, NA)
with experience in 3D-modelling and fracture analysis. 2D gap and step-off measurements
were performed by three trauma surgeons (JH, KtD, FIJ). To analyze inter- and intraobserver
variability the intraclass correlation coefficient (ICC), with the 95% confidence interval (95%
CI), was calculated in SPSS (version 26, IBM, Chicago, IL, US). Agreement was considered
poor when the ICC is under 0.40, fair when between 0.40 and 0.59, good when between 0.60
and 0.74 and excellent when 0.75 or higher [22]. Also, the actual measured values of the 3D
gap area and of the 2D gap and step-off were analyzed and compared between observers.
Patient-reported outcome was analyzed based on the median scores of the DASH and PRWE
questionnaires. The median and interquartile range (IQR) were calculated for non-normal dis-
tributed data and the mean and standard deviation for data with a normal distribution.
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Results

Forty patients with a distal radial fracture had a mean age of 57 years (range 20-85) and 33%
of them were male (13/40). Three fractures were classified as AO23-B1, four as AO23-B2,
three as AO23-B3, four as AO23-ClI, ten as AO23-C2 and sixteen as AO23-C3.

2D gap and step-off measurements

Observer 1, 2 and 3 measured a median maximal gap of 2.9 (IQR: 2.3-3.3) mm, 2.6 (IQR: 1.8-
3.6) mm, 2.8 (IQR: 1.8-3.4) mm respectively (S1 Table). The measured median step-off was
0.0 (IQR: 0-1.1) mm, 0.9 (IQR: 0.4-1.8) mm and 0.9 (IQR: 0-1.6) mm, respectively. The mea-
surements of each observer for each patient can be found in the supporting information (S1
Table). Measurements as performed by observer 1 showed that six patients had a gap and step-
off below 2 mm, and 34 (85%) had a gap and/or step-off above the surgical cut-off (e.g. gap
and/or step-off >2 mm). In measurements of observer 2, 29 out of forty (73%) patients had a
gap and/or step above 2 mm. According to observer 3, 29 out of forty (73%) patients had a gap
and/or step-off above 2 mm. The interobserver agreement on the 2D measurements was fair
(ICC = 0.54) for the gap and poor (ICC = 0.21) for the step-off (Table 1). The total median gap
was measured at 2.8 (IQR: 1.9-3.5) mm and the step-off was 0.9 (IQR: 0.0-1.6) mm.

3D gap area measurements

Interobserver agreement on 3D gap area measurements was excellent: ICC = 0.81, with a
median 3D gap area of 36.5 (IQR: 15.8-65.8) mm? and a median difference between measure-
ments of 6.0 (IQR: 2.0-19.0) mm? (Table 1). Intraobserver agreement was also excellent:

ICC = 0.98, with a median 3D gap area of 36.0 (IQR: 22.0-63.0) mm? and a median difference
between measurements of 4.0 (IQR: 1.5-5.5) mm? (Table 1). The median 3D gap area mea-
sured by observer 1 was 36.0 (IQR: 18.0-61.8) mm?, 44.0 (IQR: 27.5-75.8) mm? for observer 2
and 30.5 (IQR: 14.0-48.3) mm” when measured by observer 3. Observer 1 performed the mea-
surements twice and measured a median of 36.5 (IQR: 22.8-63.0) mm? the second time. The
measurements of each observer for each patient can be found in the supporting information
(S2 and S3 Tables).

Patient reported outcome

All patients and completed the DASH and the PRWE questionnaire at median follow-up of 77
months (range 31-119 months). The median score of the DASH was 4.2 (IQR: 0.0-10.4) and
of the PRWE 5.5 (IQR: 0.0-24.4). The six patients with a gap and a step-off below the 2 mm
cut-off value (according to the main observer: observer 1) had a median DASH outcome of 3.4
(IQR: 0.4-8.8) and a PRWE score of 3.5 (IQR: 0.0-12.6). Clinical outcome of the 34 patients,

Table 1. Inter- and intraobserver measurements.

Measurements

2D interobserver Gap
Step-off

3D interobserver Gap area

3D intraobserver

“IQR = Interquartile range.
*ICC = intraclass correlation coefficient.
*95% CI = 95% confidence interval.

https://doi.org/10.1371/journal.pone.0275206.t001

Median (IQR*) Median difference between observers (IQR*) ICC* (95% CI*)
2.8 (1.9-3.5) mm 0.4 (0.2-1.0) mm 0.54 (0.35-0.70)
0.9 (0-1.6) mm 0.6 (0.1-1.0) mm 0.21 (0.02-0.42)
36.0 (22.0-63.0) mm?> 6.0 (2.0-19.0) mm? 0.81 (0.68-0.90)
36.5 (15.8-65.8) mm?> 4.0 (1.5-5.5) mm?> 0.98 (0.96-0.99)
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who had a gap and/or step-off of 2 mm or larger is: DASH: 4.2 (IQR: 0.0-11.6) and a PRWE score
of 5.0 (IQR: 0.0-25.5). Within this group there were three patients that had both the gap and step-
off above the 2 mm cut-off and had a DASH score of 0.0, 16.7 and 68.3 and a PRWE score of 0, 41
and 37.5, respectively. All data is available in the supporting information (S4 Table).

Discussion

The aim of this study was to introduce and validate a novel 3D measurement method to quan-
tify the fracture displacement of intra-articular distal radius fractures. Compared to conven-
tional 2D gap and step-off measurements, this method showed to be superior in terms of
reliability. The results indicate that the 3D gap area is a reliable and reproducible measure with
an inter- and intraobserver ICC of 0.81 and 0.98 respectively. It could therefore be applied in
the diagnostic quantification of fracture displacement of distal radius fractures.

Conventional gap and step-off measurements are known for low reliability and reproduc-
ibility [6,8]. Kreder et al. [8] found an interobserver agreement on gap and step-off measure-
ments to be only poor (0.35 and 0.27 respectively), and an intraobserver agreement on both
measures to be poor as well (ICC = 0.37 and 0.22, respectively). Stirling et al. [6] also found a
poor interobserver correlation for intra-articular gap and step-off measurements with an ICC
of 0.27 and 0.31 respectively. These findings show that large deviations exist when using 2D
imaging measurements on 2D CT-slices. This is consistent with our findings of a fair and poor
inter- and intraobserver agreement (ICC = 0.54 and 0.21 respectively.) More literature has
been dedicated to the clinical importance of the 2mm cut off of the gap and step-off. Kreder
et al. concluded that the limit of 2 mm as a predictor of osteoarthritis should be abandoned,
because it is an unreliable measure and predictor of outcome [8]. They also stated that the 2D
gap and step-off measurements may be insufficient to quantify the multiplanar dislocations.
However, no alternative has been offered in literature to improve prediction of fracture out-
come or guide surgical decision-making.

Previous studies from our research group showed that 3D fracture quantification may
improve outcome prediction of various fracture types. Our results have already shown better
agreement on the measures with excellent interobserver agreement (ICC = 0.81), which are
comparable with the agreement found in our previous studies (ICC = 0.99 and 0.94) [17,18].
Additionally, the 3D gap area fracture quantification is based on the whole intra-articular
aspect of the fracture, rather than one CT-slice. Observers often selected different 2D CT-slices
based on fracture insight and experience, and also selected different locations or fragments to
measure the 2D gap and step-off [5]. The potential advantage of the 3D measure is that not
only the size or distance of the displacement, but also the quantity (3D gap area between all
fracture fragments) is incorporated in one measure.

An incidental finding is the discrepancy between the treatment performed in this group of
distal radius fractures and the surgical advice according to the guidelines. It is recommended
that fractures with a gap and/or step-off > 2 mm should be treated surgically to achieve favor-
able outcome. Mulders et al. [4] show that there is a high consensus within Europe about this
cut-off value. However, of the forty conservatively treated patients included in this study, a
total of 34 patients should have been treated surgically according to the guidelines, because the
gap and/or step-off exceeded the 2 mm cut-off. Nevertheless, the results from the DASH and
PRWE questionnaires after nonoperative treatment show that these patients report good out-
comes, despite treatment deviation from the guideline. Therefore, it is questionable whether
the 2D gap and step-off measurement is discriminative for functional outcome. The potential
advantage of 3D gap area measurements is that is represents the displacement of the entire
fracture and can be used as a standardized quantitative measure of the extent of the fracture.
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An important limitation of this study is the software and expertise required to perform the
3D gap area measurements. The software may not be available in all hospitals. Also, the techni-
cal expertise that is required to create and measure 3D models may not yet be available every-
where, and also does not eliminate all interobserver variability in segmentation and
measurements. A second limitation is that this 3D analysis is not available in acute situations
as it is more time consuming that the simple x-ray or CT-scan evaluation. Technical physicians
must be available to create models and perform measurements take 30-60 minutes per case.
Automatization of the CT-scan segmentation and implementation of the 3D models and mea-
surements in the electronic patient record may facilitate the process of clinical application in
the near future. These steps could also decrease the inter- and intraobserver variability even
further. In our hospital this method is currently used in addition to the 2D measurements of
distal radius fractures. The 3D view is considered when creating an operative plan and 3D gap
area measurements are used to estimate fracture impact.

In the future, the 3D gap area could be seen as a potential addition to distal radius fracture
quantification. Before the method can be fully incorporated, the segmentation and measure-
ment process should be automatized to eliminate interobserver variability. The results indicate
that fractures with a 3D gap area below 150 mm® may result in a good patient-reported out-
come, if they are treated non-surgically. However, the current patient group of forty cases is
too small to correlate measurements to patient-reported outcome measures. Therefore, in
order to find a good cut-off value for the 3D gap area a follow-up study will have to be per-
formed with the focus on linking the 3D gap area to patient-reported outcomes in a larger
patient series.

In conclusion, the 3D gap area is a less observer dependent alternative to the conventional
gap and step-off measurements for assessing fracture displacement of distal radius fractures.
The method can be used in addition to the currently used classification of distal radius frac-
tures, especially in fractures which have a gap and/or step-off around the surgical 2 mm cut-
off.

Supporting information

S1 Table. Interobserver measurements of the 2D gap and step-off. “Obs. = Observer,
“IQR = Interquartile range.
(PDF)

S2 Table. Interobserver data 3D. Exact measures of the 3D gap area per case (1-20) measured
by all three observers. The median difference is the median of the difference between all three
observers. *IQR = Interquartile range.

(PDF)

§3 Table. Intraobserver data 3D. Exact measures of the 3D gap area per case (1-20) measured
twice by observer 1. The difference is the difference between the two measurements.

“IQR = Interquartile range.

(PDF)

$4 Table. Patient reported outcome: DASH and PRWE. Compared to 2D gap and/or step
(ODbs 1). *Obs. = Observer, *IQR = Interquartile range.
(PDF)
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