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Abstract
Background Reliably recognizing the overall pattern and
specific characteristics of proximal humerus fractures may
aid in surgical decision-making. With conventional on-
screen imaging modalities, there is considerable and un-
desired interobserver variability, even when observers
receive training in the application of the classification
systems used. It is unclear whether three-dimensional (3D)
models, which now can be fabricated with desktop printers
at relatively little cost, can decrease interobserver vari-
ability in fracture classification.
Questions/purposes Do 3D-printed handheld models of
proximal humerus fractures improve agreement among
residents and attending surgeons regarding (1) specific
fracture characteristics and (2) patterns according to the
Neer and Hertel classification systems?
Methods Plain radiographs, as well as two-dimensional
(2D) and 3D CT images, were collected from 20 patients
(aged 18 years or older) who sustained a three-part or four-
part proximal humerus fracture treated at a Level I trauma
center between 2015 and 2019. The included images were
chosen to comprise images from patients whose fractures
were considered as difficult-to-classify, displaced frac-
tures. Consequently, the images were assessed for eight
fracture characteristics and categorized according to the
Neer and Hertel classifications by four orthopaedic resi-
dents and four attending orthopaedic surgeons during two
separate sessions. In the first session, the assessment was
performed with conventional onscreen imaging (radio-
graphs and 2D and 3D CT images). In the second session,
3D-printed handheld models were used for assessment,
while onscreen imaging was also available. Although
proximal humerus classifications such as the Neer

classification have, in the past, been shown to have low
interobserver reliability, we theorized that by receiving
direct tactile and visual feedback from 3D-printed hand-
held fracture models, clinicians would be able to recognize
the complex 3D aspects of classification systems reliably.
Interobserver agreement was determined with the multi-
rater Fleiss kappa and scored according to the categorical
rating by Landis and Koch. To determine whether there
was a difference between the two sessions, we calculated
the delta (difference in the) kappa value with 95% confi-
dence intervals and a two-tailed p value. Post hoc power
analysis revealed that with the current sample size, a delta
kappa value of 0.40 could be detected with 80% power at
alpha = 0.05.
Results Using 3D-printed models in addition to conven-
tional imaging did not improve interobserver agreement of
the following fracture characteristics: more than 2 mm
medial hinge displacement, more than 8 mm metaphyseal
extension, surgical neck fracture, anatomic neck fracture,
displacement of the humeral head, more than 10 mm lesser
tuberosity displacement, and more than 10 mm greater
tuberosity displacement. Agreement regarding the pres-
ence of a humeral head–splitting fracture was improved but
only to a level that was insufficient for clinical or scientific
use (fair to substantial, delta kappa = 0.33 [95% CI 0.02 to
0.64]). Assessing 3D-printed handheld models adjunct to
onscreen conventional imaging did not improve the in-
terobserver agreement for pattern recognition according to
Neer (delta kappa = 0.02 [95%CI -0.11 to 0.07]) and Hertel
(delta kappa = 0.01 [95% CI -0.11 to 0.08]). There were no
differences between residents and attending surgeons in
terms of whether 3D models helped them classify the
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fractures, but there were few differences to identify fracture
characteristics. However, none of the identified differences
improved to almost perfect agreement (kappa value above
0.80), so even those few differences are unlikely to be
clinically useful.
Conclusion Using 3D-printed handheld fracture models in
addition to conventional onscreen imaging of three-part
and four-part proximal humerus fractures does not improve
agreement among residents and attending surgeons on
specific fracture characteristics and patterns. Therefore, we
do not recommend that clinicians expend the time and costs
needed to create these models if the goal is to classify or
describe patients’ fracture characteristics or pattern, since
doing so is unlikely to improve clinicians’ abilities to select
treatment or estimate prognosis.
Level of Evidence Level III, diagnostic study.

Introduction

Recognizing the overall pattern and specific characteristics
of proximal humerus fractures may aid in decision-making
and determining prognosis. However, there is considerable

and undesired interobserver variability, even when ob-
servers receive training in the application of the classifi-
cation systems used [6]. Because the relationship between
fracture lines and displacement can be difficult to assess on
plain radiographs [16], two-dimensional (2D) and three-
dimensional (3D) CT images are part of the routine di-
agnostic workup in many institutions. 2D and 3D CT im-
ages result in better intersurgeon reliability than
radiographs and are particularly valuable for assessing
more severe fracture configurations (such as head-splitting
fractures and three-part and four-part fractures) [4, 10].
Despite the improvements seen with the use of 2D and 3D
CT onscreen imaging, overall agreement on fracture pat-
terns between attending surgeons remains low (slight-to-
fair concordance) [4]. Another contentious issue is the
value of 3D CT images for attending surgeons with dif-
ferent levels of experience; although one study concluded
that residents benefit the most from using 3D CT images
[2], other studies found improvement among specialists
only [6, 10].

Printing of 3D models for diagnostic assessment and
surgical planning of fractures is nowwidely available using
freely available software and relatively inexpensive
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desktop 3D printers, without the need to rely on commer-
cial vendors [19]. In distal humerus fractures, 3D-printed
models have been demonstrated to improve intersurgeon
agreement in determining fracture characteristics [5].
However, the clinical value of 3D printing for diagnostic
workup of proximal humerus fractures, as well as the po-
tential value in aiding residents to recognize patterns, has
yet to be determined. To date, one study found that
agreement improved regarding the choice of treatment
(nonoperative versus osteosynthesis versus arthroplasty)
when proximal humerus fractures were assessed with 3D-
printed models [8]. Nonetheless, two studies showed that
3D-printed models improved agreement for the Neer and
AO classification systems among both residents and at-
tending surgeons, but did not reveal a difference between
both groups [3, 9]. Although they conducted valuable
work, they did not account for characterization and other
fracture classification systems. Therefore, it remains un-
clear whether 3D-printed models can decrease in-
terobserver variability in fracture assessment.

To fill this knowledge gap, we asked: Do 3D-printed
handheld models of proximal humerus fractures improve
agreement among residents and attending surgeons re-
garding (1) specific fracture characteristics and (2) patterns
according to the Neer and Hertel classification systems?

Patients and Methods

Setting and Study Design

This diagnostic studywas performed betweenAugust 2019
and June 2020 in a Level I trauma center in Australia and a
Level II trauma center in the Netherlands. During this pe-
riod, four orthopaedic residents and four attending ortho-
paedic surgeons (DE, three Traumaplatform 3D
Consortium members) assessed 20 proximal humerus
fractures for eight specific fracture characteristics and the
full Neer [21] and Hertel [12] fracture patterns during two
separate observation sessions with a minimum interval of
1 month between reads. As all participants were involved
in the treatment of hundreds of trauma patients monthly, it
was assumed that a 1-month interval would be sufficient to
minimize information bias. The Neer classification cate-
gorizes proximal humerus fractures into four groups
(minimally displaced, two-part, three-part, and four-part
fractures) while distinguishing four anatomic segments
(the shaft, articular segment, lesser tuberosity, and greater
tuberosity). The segments are considered as a separate part
if they are displaced more than 1 centimeter or angulated
more than 45°. If not, the fracture part is considered min-
imally displaced. The classification also accounts for the
presence of dislocation and head-splitting fractures.
Altogether, 16 different categories can be chosen [22]. The

Hertel classification consists of 12 different fracture pat-
terns, which are determined by identifying the fracture
planes between the greater tuberosity, humeral head, lesser
tuberosity, and the shaft. Unlike the Neer classification, this
system does not consider displacement or angulation be-
tween any of the segments. This classification is illustrated
by LEGO bricks, and can be found in the original study by
Hertel et al. [13]. Despite the poor intersurgeon agreement
of the Neer classification (kappa = 0.07; 18 observers; used
modality = 3D CT reconstruction images) [10] and the
relatively low agreement of the Hertel classification
(kappa = 0.44; four observers; used modality = rapid se-
quence prototype models) [18], this study incorporated
both fracture patterns in the assessment.

Both classification systems have limited value for clinical
decision-making, but they are still widely used to report
outcomes of proximal humerus fractures in conjunction with
specific fracture characteristics. For this reason, we wanted to
establish how reliably these injuries could be assessed: If
clinicians cannot agree on fracture characteristics and classi-
fication, it will be challenging to study results of proximal
humerus fractures. The 3D-printed fracture models were
designed to be held in the hand and freely rotated in space in
every direction. We theorized that observers could move one
step closer to reality by handling themodels, allowing them to
better determine angulation, displacement, and recognize the
anatomic parts (such as the lesser tuberosity). Although
proximal humerus classifications such as the Neer classifi-
cation have, in the past, been shown to have low interobserver
reliability, and in particular, the Neer classification is a com-
plex classification system that requires 3D understanding of
the fracture morphology, we wondered whether 3D-printed
models could decrease its high interobserver variability.

In the first session, assessment was completed with
conventional imaging, which comprised standard trauma
radiographs (AP and Y-view) and 2D and 3D CT images.
During the second session, the same proximal humerus
fractures were evaluated, but now a 3D-printed handheld
model was used in adjunct to conventional imaging
(Fig. 1). Conventional imaging was presented in RadiAnt
DICOM viewer (Medixant, version 2020.1). With this
software, participants could toggle through the radio-
graphs, scroll through the various 2D CT slices, and rotate
the 3D CT reconstructions over the x- and y-axes. Tools to
perform measurements, and the option to adjust contrast
and brightness, were also available. Participants were not
allowed to discuss cases; in both sessions they completed
the assessment on their own.

Study Patients

We considered patients potentially eligible to have their
images included if they were aged 18 years or older,
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sustained a three-part or four-part proximal humerus frac-
ture between 2015 and 2019 that was treated at the Level I
trauma center, and if they received a series of plain radio-
graphs (AP and Y-view) and a 2D CT scan with 3D CT
reconstruction images. All images, as well as the 3D CT
reconstructions, were obtained as part of routine patient
care and retrospectively collected from the medical imag-
ing system Carestream Vue PACS (Carestream Health). In
our Level I trauma center, it was standard practice to
perform a CT scan in patients with a displaced three- or
four-part proximal humerus fracture. All 3D-printed frac-
ture models were fabricated specifically for this study.
Images were collected by the second author (BJAS) who
reviewed all CT shoulder scans between January 1, 2015
and July 1, 2019. Within this period there were 77 three-
and four-part proximal humerus fractures. Of those frac-
tures, the second author (BJAS) included conventional
imaging from 20 patients who were considered as having
especially difficult-to-classify fractures. Availability of 2D
CT image data in DICOM format was a prerequisite to
create 3D-printed handheld models; thus, patients without
CT images or those with poor-quality CT images were
excluded. For each patient, trauma radiographs and CT
images were downloaded and saved as a DICOM file and
subsequently anonymized with a DICOM Cleaner
(PixelMed Publishing, LLC). No attending surgeons who
were part of the original care of these patients were in-
volved in the study.

Description of 3D Printing

All CT images were uploaded into a 3D slicer (The Slicer
Community, version 4.10.2) for preprocessing of the 3D-

printed model. To develop these skills, we followed online
tutorials on the 3D slicer website [1]. Because CT images
included the entire shoulder complex and part of the thorax,
the proximal part of the humerus had to be cropped and
contoured. This was done with a volume rendering tool by
indicating the region of interest. After this, the shoulder
was further segmented using thresholding. Thresholding
is a semiautomatic segmentation process that selects areas
based on signal intensity. The threshold used in this study
to select the proximal humerus while minimizing adjacent
tissues or structures was between 250 pixels and 300 pixels
for the lowest volume intensity and 2002 pixels for the
highest volume intensity. All surrounding bone structures
were removed with the island feature. Successively, the 3D
surface model was built and exported to Ultimaker Cura
(version 4.6, Ultimaker B.V.) as an OBJ file (file format for
3D images containing all necessary object data and coor-
dinates). In this software, the models were sliced and
subsequently printed with a standard nozzle (diameter of
0.4 mm) on a 1:1 scale with the layer height at 0.15 mm,
infill density at 20%, and printing speed at 100 mm per
second. All models were printed with support material that
was manually removed after the printing was finished. The
prints were made with an Ultimaker 2D + 3D printer
(Ultimaker BV). The costs of 3D printing depend on the
preprocessing time, type of printer, and printing material
[20]. Preprocessing of the models required 45 minutes, the
actual printing process required approximately 6 to 8 hours,
and removal of support material required less than 15 mi-
nutes. In this study, we used a printer valued at USD 2650
with polylactic acid as the printing material. Polylactic acid
costs approximately USD 30 per kg and labor of a resident
at the start of his/her training approximately USD 26.75 per
hour; thus, considering an average of 35 g needed per 3D-

Fig. 1 During the first observation, proximal humerus fractures were assessed with conventional onscreen imaging. During the
second observation, 3D-printed models were added. The image labeled with the letter A represents the trauma radiograph, B the
2D CT image (coronal plane), C the 3D CT image (anterolateral aspect), and D the 3D-printed handheld model. A color image
accompanies the online version of this article.

Volume 480, Number 1 3D-printed Models for Proximal Humerus Fractures 153

Copyright © 2021 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.



printed model, the cost of one model was USD 160
(printer = USD 132.50 [2650 4 20], material = USD 1.05
[0.035 x 30], labor = USD 26.75).

Variables and Outcome Measures

The primary outcome was interobserver reliability, and
observers with different levels of experience were included
in this study to represent a group of clinicians working
within an orthopaedic department. The participants were
two orthopaedic residents who just started their training,
two residents who were halfway through their training,
three attending orthopaedic surgeons: two with 11 to 20
years of experience, one who was within 5 years of fin-
ishing orthopaedic training (these residents and attending
orthopaedic surgeons were members of the
Traumaplatform 3D Consortium), and one attending or-
thopaedic surgeon with fellowship training in upper ex-
tremity surgery (DE, > 21 years of experience). All
participants assessed the presence or absence of the fol-
lowing fracture characteristics on two occasions with an
interval of at least 1 month: humeral head split, more than
2 mm medial hinge displacement, more than 8 mm meta-
physeal extension, surgical neck fracture, anatomic neck
fracture, displacement of the humeral head (varus, valgus,
or no displacement), more than 10 mm lesser tuberosity
displacement, and more than 10 mm greater tuberosity
displacement. Observers also classified the fractures
according to the full Neer classification (16 options) and
the Hertel binary LEGO description system (12 options).
Answers to each question were provided on questionnaires
and captured via REDCap (Vanderbilt University Medical
Center) [11, 12]. Participants were able to spend as much
time on the assessment as they wished. Before each ses-
sion, every participant was trained by two study authors
(RWAS, BJAS) using a sheet of paper with figures
depicting all respective fracture classifications. Observers
were allowed to keep these sheets during the assessments.

Ethical Approval

This study was approved by the institutional review board
at Flinders Medical Centre, Adelaide, Australia (reference
number 50.19).

Statistical Analysis

The statistical analysis was performed with Stata Statistical
Software (Release 16, StataCorp LLC). The interobserver
variability was determined with a multirater Fleiss kappa
using bootstrapping with 1000 iterations and scored

according to the Landis and Koch rating with the following
categories: poor (kappa < 0.00), slight (kappa 0.00-0.20),
fair (kappa 0.21-0.40), moderate (kappa 0.41-0.60), sub-
stantial (kappa 0.61-0.80), and almost perfect (kappa
0.81-1.00) [17]. If values were missing, all ratings within a
participant were excluded. The multirater Fleiss kappa
values are provided with corresponding 95% confidence
intervals. To determine whether there was a difference
between the sessions, delta (difference in the) kappa was
calculated with a 95% CI and a two-tailed p value. A p
value less than 0.05 was considered statistically significant.
A post hoc power analysis was conducted in PASS (version
21.0.2, NCSS LLC) by comparison of two independent
proportions. Although this test could not control for the
number of observers, it revealed that with 20 images, a
delta (difference in the) kappa of 0.40 could be established
between the group with and without the 3D-printed hand-
held model at 80% power with alpha = 0.05.

We note that eight fracture-assessment questions were
not completed. As the multirater Fleiss kappa analysis
cannot handle missing data, these 8 of 400 fracture as-
sessments were excluded through listwise deletion (20
patients assessed with conventional imaging, 20 patients
with 3D-printed models, eight specific fractures charac-
teristics, and two fracture patterns; [20 + 20] * [8 +2] =
400). The missing values were only present among
residents.

Finally, a kappa value less than 0 indicates poor
agreement. If the groups with and without the 3D-printed
handheld model are compared, a delta kappa value less
than 0 indicates that agreement for conventional imaging
with 3D models is lower than for conventional imaging
only. If attending surgeons are compared with residents, it
means that agreement for residents is lower than for at-
tending surgeons.

Results

Agreement on Fracture Characteristics and Classification

Among the eight observers (four orthopaedic residents and
four attending surgeons), assessment by 3D-printed hand-
held models together with onscreen imaging did not im-
prove agreement regarding the following fracture
characteristics: more than 2 mm of medial hinge dis-
placement, more than 8 mm of metaphyseal extension,
surgical neck fracture, anatomic neck fracture, displace-
ment of the humeral head, more than 10 mm of lesser
tuberosity displacement, and more than 10 mm of greater
tuberosity displacement. Interobserver agreement for the
presence of a humeral head–splitting fracture improved to a
level that was still inadequate for clinical use (fair to sub-
stantial, delta kappa = 0.33 [95% CI 0.02 to 0.64]). The
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interobserver agreement for the Neer fracture patterns us-
ing conventional imaging was 0.13 (95% CI 0.06 to 0.20)
and did not improve when assessed with 3D-printed
models (delta kappa = 0.02 [95% CI -0.11 to 0.07]).
Similarly, the agreement on the Hertel fracture patterns
using conventional imaging was 0.14 (95% CI 0.06 to
0.22), and additional 3D-printed models did not result in
improvement (delta kappa = 0.01 [95% CI -0.11 to 0.08])
(Table 1).

Agreement Among Residents and Attending Surgeons

Among residents, additional 3D-printed handheld models
did not improve agreement regarding fracture characteris-
tics and patterns (Table 2). Among attending surgeons,
only agreement on lesser tuberosity displacement more
than 10 mm improved from poor to slight (delta kappa =
0.22 [95% CI 0.01 to 0.42]), which was still insufficient for
clinical use. Thus, adding 3D-printed handheld models to
the diagnostic process likewise did not improve concur-
rence among attending surgeons (Table 3). There were no
differences between residents and attending surgeons in
terms of whether 3D models helped them to classify the
fractures, and there were few differences in terms of
whether the 3D models helped them to identify fracture

characteristics. However, none of the identified differences
improved to almost perfect agreement (kappa value above
0.80), so we do not see even those few differences as likely
to be clinically useful (Table 4).

Discussion

Recognizing the overall pattern and specific characteristics
of proximal humerus fractures may aid in decision-making
and determining prognosis. However, there is considerable
and undesired interobserver variability, even when ob-
servers receive training in the application of the classifi-
cation systems used. Both the Neer and Hertel
classifications are routinely reported in research studies, so
to enhance our knowledge, we wanted to evaluate how
reliably these injuries can be assessed with the assistance of
3D models. We therefore sought to determine whether
cutting-edge technology (3D-printed fracture models),
which now can be fabricated with desktop printers at rel-
atively little cost, could deliver its promise and reduce the
great undesired interobserver variability in fracture classi-
fication and characterization. If clinicians cannot agree, it
will be challenging to evaluate results of proximal humeral
fractures based on these classification schemes. In sum-
mary, we found that using 3D-printed handheld models

Table 1. Agreement for conventional imaging and 3D printed models among all eight observers

Parameter

Conventional Conventional + 3D

Kappa Agreement Kappa Agreement D kappa p value

Characteristic

Humeral head split 0.39 (0.17-0.60) Fair 0.72 (0.50-0.94) Substantial 0.33 (0.02-0.64) 0.04

Medial hinge
displacement
> 2 mm

0.19 (0.00-0.38) Slight 0.35 (0.06-0.64) Fair 0.16 (-0.19 to 0.51) 0.36

Metaphyseal
extension > 8 mm

0.14 (0.00-0.31) Slight 0.28 (0.12-0.44) Fair 0.14 (-0.09 to 0.36) 0.24

Surgical neck
fracture

0.10 (0.00-0.26) Slight 0.27 (0.05-0.50) Fair 0.17 (-0.10 to 0.45) 0.21

Anatomic neck
fracture

0.16 (0.01-0.31) Slight 0.29 (0.10-0.47) Fair 0.13 (-0.11 to 0.37) 0.29

Displacement of
humeral head

0.44 (0.22-0.65) Moderate 0.35 (0.16-0.53) Fair 0.09 (-0.37 to 0.19) 0.55

LT displacement
> 10 mm

0.03 (-0.05 to 0.12) Slight 0.16 (0.02-0.30) Slight 0.13 (-0.04 to 0.29) 0.13

GT displacement
>10 mm

0.13 (0.01-0.25) Slight 0.16 (0.00-0.36) Slight 0.03 (-0.21 to 0.26) 0.81

Fracture pattern

Neer classification 0.13 (0.06-0.20) Slight 0.11 (0.05-0.17) Slight 0.02 (-0.11 to 0.07) 0.67

Hertel classification 0.14 (0.06-0.22) Slight 0.13 (0.07-0.19) Slight 0.01 (-0.11 to 0.08) 0.81

A kappa value less than 0 indicates poor agreement; aD kappa value less than 0 indicates that agreement for conventional imaging
with 3D models is lower than conventional imaging only; LT = lesser tuberosity; GT = greater tuberosity.
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with conventional imaging to assess three-part and four-
part proximal humerus fractures did not improve agree-
ment for fracture characteristics to a level that was adequate
for clinical or scientific use. No improvement in agreement
on fracture pattern recognition according to Neer and
Hertel was established by using 3D-printed models to-
gether with onscreen conventional imaging. Residents did
not seem to benefit more from 3D-printed handheld models
than attending surgeons did. Hence, we do not recommend
using these models in clinical practice if the goal is to
improve classification reliability or to describe patients’
fracture patterns or characteristics.

Limitations

Several limitations must be considered when interpreting our
findings. First, we included only eight observers, which
resulted inwide 95%CIs. However, as 3D-printedmodels are
still relatively expensive and time-consuming, they must
show strong value to be incorporated in clinical practice.
Therefore, even a small study like ours should have been able
to demonstrate the added value of 3D-printedmodels. For this
reason, it was powered to detect profound differences be-
tween conventional imaging and 3D-printed models and not

to detect subtle changes (post hoc power analysis revealed
that with 20 images, a delta kappa of 0.40 could be detected).
Second, results should be inferred considering differences in
experience among residents and attending surgeons. Onemay
argue that residents and attending surgeons do not have the
same knowledge level compared with an upper extremity
expert. This could have decreased the agreement; however,
our goalwas to include an observer panel thatwould represent
typical orthopaedic practice in public hospitals. Third, in our
observer cohort, there were missing values. To address this,
proximal humerus fractures were listwise excluded from the
analysis. This was 2% of the total number of proximal hu-
merus fractures and could therefore have influenced our 95%
confidence intervals. Notably, missing values only occurred
among residents and mainly in the 3D group.

In addition, we did not analyze intraobserver reliability.
Classifying proximal humerus fractures is challenging; so
much so that even advanced technology such as the 3D
models used in our study could not improve agreement.We
therefore argue that the classification is the main flaw and
must be revised. We also note that diagnostic parameters,
such as accuracy, were not included in this study. Ideally,
this would be established intraoperatively, but because not
all fractures were treated surgically, this was not feasible. A
potential limitation here was that a cost analysis showing at

Table 2. Agreement for conventional imaging and 3D printed models among four residents

Parameter

Conventional Conventional + 3D

Kappa Agreement Kappa Agreement D kappa p value

Characteristic

Humeral head split 0.48 (0.21-0.74) Moderate 0.66 (0.37-0.95) Substantial 0.18 (-0.21 to 0.58) 0.18

Medial hinge
displacement
> 2 mm

0.02 (-0.15 to 0.20) Slight 0.07 (-0.18 to 0.33) Slight 0.05 (-0.25 to 0.35) 0.74

Metaphyseal
extension > 8 mm

0.27 (0.02-0.52) Fair 0.28 (0.08-0.48) Fair 0.01 (-0.32 to 0.33) 0.48

Surgical neck
fracture

0.02 (-0.20 to 0.24) Slight 0.13 (-0.15 to 0.40) Slight 0.11 (-0.25 to 0.46) 0.28

Anatomic neck
fracture

0.17 (-0.03 to 0.38) Slight 0.28 (0.00-0.55) Fair 0.10 (-0.24 to 0.45) 0.57

Displacement of the
humeral head

0.29 (0.07 to 0.52) Fair 0.1 (-0.07 to 0.26) Slight 0.19 (-0.79 to 0.40) 0.52

LT displacement
>10 mm

0.18 (-0.06 - 0.41) Slight 0.17 (-0.06 to 0.40) Slight 0.01 (-0.33 to 0.32) 0.97

GT displacement
>10 mm

0.16 (-0.06 to 0.38) Slight 0.13 (-0.13 to 0.39) Slight 0.03 (-0.37 to 0.31) 0.43

Fracture pattern

Neer classification 0.14 (0.03-0.25) Slight 0.04 (-0.05 to 0.13) Slight 0.10 (-0.25 to 0.04) 0.16

Hertel classification 0.14 (0.00-0.27) Slight 0.13 (0.03-0.23) Slight 0.01 (-0.17 to 0.15) 0.46

A kappa value less than 0 indicates poor agreement; aD kappa value less than 0 indicates that agreement for conventional imaging
with 3D models is lower than for conventional imaging only; LT = lesser tuberosity; GT = greater tuberosity.
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what price such models would become cost-effective was
not reported in this work. Something that is not effective
cannot be cost effective; we therefore decided that a cost
analysis should not be performed, given that effectiveness
(in other words, interobserver reliability) was not estab-
lished. Lastly, the Hertel fracture patterns were classified
according to the original binary description system com-
prising 12 different categories [14] and thus without the
two humeral-head split fracture types [13].

Agreement on Fracture Characteristics and Classification

This study revealed that using 3D-printed handheld models
in adjunct to onscreen imaging did not improve agreement
regarding fracture characteristics. Based on these results,
we cannot recommend using these models in the diagnostic
workup of patients with proximal humerus fractures, es-
pecially because these models require time, materials, and
money to produce. Only one study reported on the use of
3D-printed models to assess the characteristics of proximal
humerus fractures [7]. They retrospectively compared
preoperative planning with conventional imaging, virtual
planning, and 3D-printed models in patients undergoing
internal fixation with locking plates and assessed clinical
outcomes and the accuracy of fracture characteristics. Their

results were based on intraoperative findings as the refer-
ence standard, and they therefore determined diagnostic
parameters and not interobserver agreement. However,
consistent with our study, they did not reveal any differ-
ences between 3D-printed models and conventional
imaging.

The kappa value for fracture patterns according to the
Neer classification in prior studies ranges from 0.07 to 0.14
(16 observers) [10], and from 0.39 to 0.60 (four observers)
for the Hertel classification [15] with the availability of
radiographs and 2D and 3D CT images. In our study,
fracture pattern recognition according to the Neer and
Hertel classifications had low interobserver agreement in
all imaging modalities despite 3D-printed modeling (Neer:
kappa = 0.11, Hertel: kappa = 0.13). One study demon-
strated fair-to-moderate agreement for the simplified Neer
classification (three categories: two-part, three-part, and
four-part fractures) among 20 residents (kappa = 0.40) and
20 attending surgeons (kappa = 0.50) when using 3D-
printed models only (without additional imaging). This
supports that 3D models are not clinically useful for clas-
sifying proximal humerus fractures but the question
remained unanswered if other classifications, such as the
Hertel LEGO description system, or specific fracture
characteristics would improve with 3D modeling [9].
Another study found moderate agreement (kappa = 0.47)

Table 3. Agreement for conventional imaging and 3D printed models among four attending surgeons

Parameter

Conventional Conventional + 3D

Kappa Agreement Kappa Agreement D kappa p value

Characteristic

Humeral head split 0.37 (0.05-0.69) Fair 0.75 (0.48-1.00) Substantial 0.38 (-0.04 to 0.79) 0.08

Medial hinge
displacement
> 2 mm

0.38 (0.05-0.70) Fair 0.62 (0.24-1.00) Substantial 0.24 (-0.26 to 0.74) 0.34

Metaphyseal
extension > 8 mm

0.00 (-0.18 to 0.17) Slight 0.16 (-0.02 to 0.33) Slight 0.16 (-0.09 to 0.40) 0.20

Surgical neck
fracture

0.22 (-0.16 to 0.59) Fair 0.54 (0.10-0.98) Moderate 0.33 (-0.25 to 0.90) 0.27

Anatomic neck
fracture

0.13 (-0.09 to 0.34) Slight 0.42 (0.17-0.66) Moderate 0.29 (-0.03 to 0.61) 0.08

Displacement of the
humeral head

0.58 (0.36-0.81) Moderate 0.69 (0.41-0.97) Substantial 0.11 (-0.25 to 0.47) 0.55

LT displacement
> 10 mm

-0.11 (-0.23 to 0.02) Poor 0.11 (-0.05 to 0.28) Slight 0.22 (0.01-0.42) 0.04

GT displacement
> 10 mm

-0.01 (-0.15 to 0.13) Poor 0.13 (-0.14 to 0.40) Slight 0.14 (-0.16 to 0.45) 0.36

Fracture pattern

Neer classification 0.13 (-0.01 to 0.27) Slight 0.05 (-0.04 to 0.13) Slight 0.08 (-0.25 to 0.08) 0.32

Hertel classification 0.09 (-0.02 to 0.20) Slight 0.06 (-0.01 to 0.19) Slight 0.03 (-0.18 to 0.12) 0.68

A kappa value less than 0 indicates poor agreement; aD kappa value less than 0 indicates that agreement for conventional imaging
with 3D models is lower than conventional imaging only; LT = lesser tuberosity; GT = greater tuberosity.
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among 14 assessors, but they also simplified the Neer
classification to three categories (two-part, three-part, and
four-part fractures) and assessed the 3D-printed models
without additional radiographs or CT images [3]. Again,
the question whether 3D fracture models would be useful
for characterization and assessment of other fracture clas-
sification systems was left open. Combining these studies
with our data, it seems justifiable to say that the utility of 3D
models in determining fracture assessment of proximal
humerus fractures is negligible. Nevertheless, 3D models
may help create surgical strategies and approaches, such as
guides to place K-wires and screws. They may also be
valuable for educational purposes (such as teaching med-
ical students or explaining surgical plans preoperatively),
but well-designed follow-up studies are needed to identify
any potential benefits.

Agreement Among Residents and Attending Surgeons

There were no important differences between residents and
attending surgeons in whether 3D models helped them to
classify or describe the fractures, and the few observed
differences were not sufficiently large to be clinically
useful (Table 4). These findings were in line with another
study that did not find any differences in agreement

between residents and attending surgeons [9]. It is likely
that because of the complexity of three-part and four-part
proximal humerus fractures, assessment is difficult and
debatable for both residents and attending surgeons. It also
confirms that the hallmarks of proximal humerus fractures
are seen differently and subjectively by observers, and that
they are difficult to categorize in any classification scheme.
Considering this, we do not recommend using the currently
available classification systems for supporting clinical de-
cisions or to report on patient outcomes. Time-consuming
interventions like the 3D-printed models used in this study
did not overcome the shortcomings of difficult-to-use
classifications; keeping those classifications as simple as
possible therefore seems important.

Conclusion

Using 3D-printed handheld models with onscreen con-
ventional imaging (radiographs and 2D and 3DCT images)
to assess three-part and four-part proximal humerus frac-
tures did not improve agreement regarding fracture char-
acteristics and patterns. Therefore, we cannot recommend
that clinicians expend the time and costs needed to create
these models if the goal is to classify or describe patients’
fracture characteristics. Future studies are needed to

Table 4. Comparison of agreement between four residents and four attending surgeons using 3D printed models

Parameter

Residents (conventional + 3D) Attending surgeons (conventional + 3D)

Kappa Agreement Kappa Agreement D kappa p value

Characteristic

Humeral head split 0.66 (0.37-0.95) Substantial 0.75 (0.48-1.00) Substantial 0.09 (-0.31 to 0.49) 0.65

Medial hinge
displacement
> 2 mm

0.07 (-0.18 to 0.33) Slight 0.62 (0.24-1.00) Substantial 0.54 (0.09-0.99) 0.02

Metaphyseal
extension > 8 mm

0.28 (0.08-0.48) Fair 0.16 (-0.02 to 0.33) Slight 0.12 (-0.39 to 0.14) 0.36

Surgical neck
fracture

0.13 (-0.15 to 0.40) Slight 0.54 (0.10-0.98) Moderate 0.42 (-0.10 to 0.94) 0.11

Anatomic neck
fracture

0.28 (0.00-0.55) Fair 0.42 (0.17-0.66) Moderate 0.14 (-0.23 to 0.51) 0.45

Displacement of the
humeral head

0.10 (-0.07 to 0.26) Slight 0.69 (0.41-0.97) Substantial 0.60 (0.27-0.92) < 0.001

LT displacement
> 10 mm

0.17 (-0.06 to 0.40) Slight 0.11 (-0.05 to 0.28) Slight 0.06 (-0.34 to 0.22) 0.68

GT displacement
> 10 mm

0.13 (-0.13 to 0.39) Slight 0.13 (-0.14 to 0.40) Slight 0.00 (-0.38 to 0.38) > 0.99

Fracture pattern

Neer classification 0.04 (-0.05 to 0.13) Slight 0.05 (-0.04 to 0.13) Slight 0.01 (-0.12 to 0.13) 0.90

Hertel classification 0.13 (0.03-0.23) Slight 0.06 (-0.01 to 0.19) Slight 0.07 (-0.22 to 0.07) 0.30

A kappa value less than 0 indicates poor agreement; AD kappa value less than 0 indicates that agreement for residents is lower than
for attending surgeons; LT = lesser tuberosity; GT = greater tuberosity.
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establish the value of 3D modeling in practicing fracture
fixation and templating a preoperative plan.
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