
 

 

 

The Feasibility of High-Resolution Peripheral
Quantitative Computed Tomography (HR-pQCT) in
Patients with Suspected Scaphoid Fractures
Citation for published version (APA):

Bevers, M. S. A. M., Daniels, A. M., Wyers, C. E., van Rietbergen, B., Geusens, P. P. M. M.,
Kaarsemaker, S., Janzing, H. M. J., Hannemann, P. F. W., Poeze, M., & van den Bergh, J. P. W. (2020).
The Feasibility of High-Resolution Peripheral Quantitative Computed Tomography (HR-pQCT) in Patients
with Suspected Scaphoid Fractures. Journal of Clinical Densitometry, 23(3), 432-442.
https://doi.org/10.1016/j.jocd.2019.08.003

Document status and date:
Published: 01/01/2020

DOI:
10.1016/j.jocd.2019.08.003

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.1016/j.jocd.2019.08.003
https://doi.org/10.1016/j.jocd.2019.08.003
https://cris.maastrichtuniversity.nl/en/publications/1958ec13-3afa-4404-b9d5-fad2ad7e84ef


Journal of Clinical Densitometry: Assessment & Management of Musculoskeletal Health, vol. 23, no. 3, 432�442, 2020
� 2019 The International Society for Clinical Densitometry. Published by Elsevier Inc.
1094-6950/23:432�442/$36.00
https://doi.org/10.1016/j.jocd.2019.08.003
Original Article
The Feasibility of High-Resolution Peripheral Quantitative

Computed Tomography (HR-pQCT) in Patients with Suspected

Scaphoid Fractures

M.S.A.M. Bevers,1 A.M. Daniels,2,3 C.E. Wyers,3,4,5 B. van Rietbergen,1,6

P.P.M.M. Geusens,5,7 S. Kaarsemaker,8 H.M.J. Janzing,2 P.F.W. Hannemann,9

M. Poeze,3,9 and J.P.W. van den Bergh3,4,5,7,*
1Orthopaedic Biomechanics, Department of Biomedical Engineering, Eindhoven University of Technology, Eindhoven,

the Netherlands; 2Department of Surgery, VieCuri Medical Centre, Venlo, the Netherlands; 3NUTRIM School for
Nutrition and Translational Research in Metabolism, Maastricht University, Maastricht, the Netherlands; 4Department of

Internal Medicine, Subdivision of Endocrinology, VieCuri Medical Centre, Venlo, the Netherlands; 5Department of
Internal Medicine, Maastricht University Medical Centre, Maastricht, the Netherlands; 6Department of Orthopaedic
Surgery, Research School CAPHRI, Maastricht University Medical Centre, Maastricht, the Netherlands; 7Faculty of

Medicine, Hasselt University, Belgium; 8Department of Orthopaedic Surgery, VieCuri Medical Centre, Venlo, the Netherlands;
and 9Department of Surgery and Trauma Surgery, Maastricht University Medical Centre, Maastricht, the Netherlands
Abstract
Re

*A
weg 2
Introduction: Diagnosing scaphoid fractures remains challenging. High-resolution peripheral quantitative com-
puted tomography (HR-pQCT) might be a potential imaging technique, but no data are available on its feasibility
to scan the scaphoid bone in vivo. Methodology: Patients (�18 years) with a clinically suspected scaphoid fracture
received an HR-pQCT scan of the scaphoid bone (three 10.2-mm stacks, 61-mm voxel size) with their wrist immobi-
lized with a cast. Scan quality assessment and bone contouring were performed using methods originally developed
for HR-pQCT scans of radius and tibia. The contouring algorithm was applied on coarse hand-drawn pre-contours
of the scaphoid bone, and the resulting contours (AUTO) were manually corrected (sAUTO) when visually deviat-
ing from bone margins. Standard morphologic analyses were performed on the AUTO- and sAUTO-contoured
bones. Results: Ninety-one patients were scanned. Two out of the first five scans were repeated due to poor scan
quality (40%) based on standard quality assessment during scanning, which decreased to three out of the next 86
scans (3.5%) when using an additional thumb cast. Nevertheless, after excluding one scan with an incompletely
scanned scaphoid bone, post hoc grading revealed a poor quality in 14.9% of the stacks and 32.9% of the scans in
the remaining 85 patients. After excluding two scans with contouring problems due to scan quality, bone indices
obtained by AUTO- and sAUTO-contouring were compared in 83 scans. All AUTO-contours were manually cor-
rected, resulting in significant but small differences in densitometric and trabecular indices (<1.0%). Conclusions:
In vivo HR-pQCT scanning of the scaphoid bone is feasible in patients with a clinically suspected scaphoid fracture
when using a cast with thumb part. The proportion of poor-quality stacks is similar to radius scans, and AUTO-con-
touring appears appropriate in good- and poor-quality scans . Thus, HR-pQCT may be promising for diagnosis of
and microarchitectural evaluations in suspected scaphoid fractures.
ceived 04/26/19; Revised 08/09/19; Accepted 08/12/19.
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Introduction

Scaphoid fractures account for approximately
60%�75% of all carpal fractures (1�4) and can have
long-term complications when they are not immediately
treated. The treatment is usually conservative (i.e. cast)
for stable and nondisplaced fractures and operative (e.g.
screw fixation) for unstable or displaced fractures (5). A
delay in treatment may cause healing complications and
increased healing time and an increased risk for a scaph-
oid nonunion (6,7). A scaphoid nonunion, in turn, is chal-
lenging to treat successfully and can cause carpal
instability and osteoarthritis (8).

Early diagnosis and adequate treatment of scaphoid
fractures is thus important, but immediate diagnosis
remains challenging. Plain radiography is typically used
at initial presentation, but misses up to 25% of scaphoid
fractures compared to magnetic resonance imaging, com-
puted tomography, and bone scintigraphy (9). While
these advanced imaging techniques have a better sensitiv-
ity and specificity than radiography (10,11), they lack
good positive predictive values, and their improved sensi-
tivity is generally associated with a reduced specificity
and vice versa (12,13). Consequently, there is no consen-
sus today on a gold standard imaging technique for scaph-
oid fractures (14,15).

High-resolution peripheral quantitative CT (HR-
pQCT) may be a potential alternative imaging technique.
It is a noninvasive technique that provides 3-dimensional
images of peripheral bones at a low radiation dose and
with a spatial resolution higher than currently used imag-
ing techniques (16). Its high resolution may enable recog-
nizing more and smaller scaphoid fractures than currently
used techniques and enables microarchitectural bone
evaluations of (fractured) scaphoid bones, which have
already provided new insights into fracture mechanism,
nonunion etiology, and optimal screw fixation and design
in cadaveric bones (17�21).

Although the use of HR-pQCT in scaphoid fractures may
thus be interesting for diagnostic and research purposes, the
feasibility of in vivo HR-pQCT scanning of the scaphoid
bone is not yet fully explored. To our knowledge, Reina et al
performed the only in vivoHR-pQCT study on the scaphoid
bone thus far, investigating the patterns in trabecular bone
between normal dominant and nondominant radial carpal
bones (22). In that study, nothing was reported about motion
artefacts or image quality of the HR-pQCT scans. However,
it is unknown whether subject motion is comparable or
worse in scaphoid bone scans compared to radius or tibia
scans as 3 stacks rather than 1 are needed to capture the
entire scaphoid bone (23) and whether image quality is ade-
quate for application in clinical practice. This study, there-
fore, explored the feasibility of in vivo HR-pQCT scanning
al of Clinical Densitometry: Assessment & Management of Mus
of the scaphoid bone in patients with a clinically suspected
scaphoid fracture. Scan-quality assessment and scaphoid
bone contouring were performed using methods originally
developed for HR-pQCT scans of radius and tibia, and dif-
ferences in bone indices were determined between contours
with and without manual correction.
Methodology

Study Design and Population

All consecutive patients (aged �18 yr) presenting
between December 2017 and October 2018 at the emer-
gency department of VieCuri Medical Centre Venlo (The
Netherlands) within 1 wk after trauma with a clinically
suspected scaphoid fracture were eligible for study partic-
ipation. Patients were excluded in case of pregnancy or a
previous ipsilateral scaphoid fracture in medical history.
All included patients gave written consent prior to partici-
pation. The study protocol (METC registration number
NL62476.068.17) was approved by an independent Medi-
cal Ethics Committee and complied with the Declaration
of Helsinki of 1975, revised in 2000.

The included patients followed the standard diagnostic
protocol for suspected scaphoid fractures. They were
subjected to standard plain radiography at initial presen-
tation followed by immobilization of the wrist with a syn-
thetic nonfiberglass cast. Within 10 d after initial
presentation, a clinical reassessment was performed to
determine treatment strategy. In addition to this standard
protocol and independent of the outcome of the clinical
reassessment, all included patients received an HR-
pQCT scan.
HR-pQCT Imaging

HR-pQCT (XtremeCTII, Scanco Medical, Switzer-
land) scans of the scaphoid bone were performed on a
30.6-mm region of the wrist (3 consecutive 10.2-mm
stacks) with the reference line at the longitudinal sagittal
ridge between the scaphoid bone and lunate fossa at the
articular surface of the distal radius (Fig. 1). During scan-
ning, the wrist was immobilized with a synthetic nonfiber-
glass cast, and standard motion restraining holders for
HR-pQCT scanning were used. Synthetic casts have been
found to affect scan quality and bone parameters only
marginally (24). Total scan time was 6.0 min, subjecting
the patients to an effective radiation dose of approx 15
mSv. X-ray tube voltage and intensity were 68 kV and
1460 mA, respectively, and integration time was 43 ms.
The images were reconstructed using an isotropic voxel
size of 61 mm, resulting in 504 consecutive slices (25).
culoskeletal Health Volume 23, 2020



Fig. 1. Scout view showing the reference line used to scan the scaphoid bone (left) and a 3-dimensional view of the
scanned region of the wrist (right top) and of the scaphoid bone (right bottom).
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Scan-quality Assessment

Scan quality was graded using the grading system used
by Pialat et al to grade HR-pQCT scans of radius and tibia
(26). A single low-resolution slice of each stack of the
scans was graded by the operator during scan acquisition
(standard grading). Scans were completely repeated once
when the quality of at least 1 stack had a grade >3. The
scan with the best quality in the 3 stacks was included for
further analyses. Additionally, scan quality was post hoc
graded by 1 researcher using the same grading system on
multiple full-resolution slices of each stack (post hoc grad-
ing). More specifically, the first slice in which the scaphoid
bone appeared was determined, and from that slice on
every tenth slice was graded. Based on these gradings, an
overall grade was determined for each stack. The entire
scan was assigned a good quality when each of the 3
stacks had a grade 1�3 and a poor quality when at least 1
stack had a grade >3.

Scaphoid Fracture Assessment

All HR-pQCT scans were evaluated by an experienced
radiologist to assess fractures.

Scaphoid Bone Contouring

To investigate the quantitative potential of HR-pQCT
in scaphoid bones, the scaphoid bones were contoured in
the scans. Initially, the automatic contouring algorithm,
originally developed to contour radius and tibia and simi-
lar to the algorithm for automatic contouring of the peri-
osteal and endosteal margins of radius and tibia (27), was
used to contour the scaphoid bone. However, its
Journal of Clinical Densitometry: Assessment & Management of Mus
application on the scaphoid bone scans resulted in severe
contouring problems, including contouring the wrong
bone (Fig. 2A) and multiple bones (Fig. 2B). Therefore,
its application was changed from the entire scan of the
scaphoid bone to coarse hand-drawn precontours of the
bone. Moreover, the lower threshold for binarization was
changed from the default 120�105 per 1000 as the cortex
of the scaphoid bone is thinner and less mineralized than
that of radius and tibia. The resulting contouring algo-
rithm (AUTO) thus comprised manual drawing of coarse
precontours of the scaphoid bone followed by application
of the automatic contouring algorithm with adjusted set-
tings on these coarse contours, which solved the problems
of applying the contouring algorithm on entire scans
(Fig. 2C�D). As a separate study procedure, the obtained
AUTO contours were manually corrected (sAUTO) by 1
researcher when visually deviating from the margins of
the scaphoid bone.
Quantitative Analysis

Standard morphologic analyses were performed on the
AUTO- and sAUTO-contoured scaphoid bones. Bone
and tissue mineral density (BMD and TMD, respectively)
were determined, as were the ratio of bone volume to
total bone volume (BV/TV) and trabecular number (Tb.
N), thickness (Tb.Th), and separation (Tb.Sp). The tra-
becular indices were calculated using distance transfor-
mation (28). Cortical indices were not determined
because of the lack of a clear cortical layer in the scaphoid
bone.
culoskeletal Health Volume 23, 2020



Fig. 2. Problems of the automatic contouring algorithm originally developed for radius and tibia in contouring (A)
the correct bone and (B) only 1 bone. These problems were solved when applying the algorithm on coarse hand-drawn
precontours of the scaphoid bone (C�D).
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Statistical Analysis

The quantitative measures obtained were statistically
analyzed (IBM SPSS Statistics for Windows, Version
25.0. Armonk, NY: IBM Corp). Normality of the distribu-
tion of the data was analyzed using Shapiro�Wilk tests.
Differences in patient characteristics between poor-and
good-quality scans were analyzed using Mann�Whitney
U and chi-square tests and determinants of scan quality
using uni- and multivariate binomial logistic regression
models with covariates age, gender, and the presence of a
scaphoid fracture. Differences in bone indices between
the AUTO- and sAUTO-contoured scaphoid bones were
analyzed using paired-sample t tests or related-samples
Wilcoxon signed rank tests and performed on the entire
dataset and on subgroups with either good-quality scans
(grade 1�3 for all 3 stacks of a scan), poor-quality scans
(grade 4�5 for at least 1 of the 3 stacks), scans with a
scaphoid fracture, or scans without a scaphoid fracture.
Additionally, the differences in bone indices between
both contouring methods were compared between the
good- and poor-quality scans and between the scans with
and without a scaphoid fracture within the subgroups of
poor- and good-quality scans using Mann-Whitney U
tests. All tests were 2-sided, and the significance level was
set at 0.05.
Results

Patient Characteristics

Ninety-one patients were included in the study, 45 men
(49.5%) and 46 women with a median age of 37 § 32 and
62 § 24 yr, respectively. Twenty-four patients (26.4%)
were diagnosed with a scaphoid fracture (15 men and 9
women) based on the HR-pQCT scans. Median time
Journal of Clinical Densitometry: Assessment & Management of Mus
between initial presentation at the emergency department
and HR-pQCT scanning was 9 d (range: 2�13 d).

The scans of 6 patients were excluded from further anal-
yses (Fig. 3A). The scans of the first 5 patients were
excluded: the scans of 2 out of these first patients (40%)
had to be repeated due to a poor quality based on the stan-
dard grading. In an attempt to reduce this proportion, the
next patients received the original cast (Fig. 4A) extended
with a temporary thumb part (Fig. 4B). This adaptation
lowered the proportion of rescanning due to poor quality
to 3.5% (3 out of 86 scans). Only these 86 scans were
included in further analyses to keep uniformity in casting
procedure among patients. Of these scans, 1 scan was
excluded because the scaphoid bone was not entirely
scanned due to a wrong positioning of the wrist in the scan-
ner, resulting in a total of 85 included scans (Fig. 3A).

Scan-Quality Assessment

Based on the standard grading, 4 out of the 85 scans
(4.7%) were assessed as poor quality, while 28 scans
(32.9%) were assessed as poor quality based on the post
hoc grading (Fig. 3A, Table 1). Although the standard
grading assessed scans as poor quality that were also
assessed as poor quality during the post hoc grading, it
missed 24 poor-quality scans compared to the post hoc
grading (Fig. 3A). Patients with poor-quality scans based
on the post hoc grading were significantly older than those
with good-quality scans (Table 1), and logistic regression
models showed age to be significantly associated with
scan quality in a univariate model (OR10yrs = 1.47, 95%
CI = 1.13�1.92) and in multivariate models with gender
and/or the presence of a scaphoid fracture as other covari-
ates (Supplementary Table 1). More than half of the
poor-quality scans had only 1 poor-quality stack (75.0%
and 64.3% for standard grading and post hoc grading,
culoskeletal Health Volume 23, 2020



Fig. 3. Flow-chart of the included scans for (A) the determination of patient characteristics of poor- and good-quality
scans based on the standard grading and post hoc grading, and (B) scaphoid bone contouring.

436 Bevers et al.
respectively) (Table 1). Stated differently, the post hoc
grading revealed 18 of 85 scans (21.2%) to have a poor
quality in only 1 stack (21.2%) and 38 of 255 stacks
(14.9%) to be of poor quality, which was the middle stack
in 50% of the scans (Table 1). Scans with multiple poor-
quality stacks had a poor-quality proximal and distal stack
in 50% of the cases (post hoc grading; Table 1).
Scaphoid Bone Contouring

The scans of 2 patients out of the 85 included scans
were excluded from quantitative analyses because their
scan quality did not allow contouring (Fig. 3B), resulting
in 83 scans.

The AUTO-algorithm solved the problems of the auto-
matic algorithm (Fig. 2), but incorrectly contoured the
scaphoid bone in the first and last few slices due to its
anatomy, which required manual contour corrections
(sAUTO) in all 83 scans (Figs. 5A1 and 2), as well as
scaphoid bones with (displaced) fractures (Fig. 5B), small
joint spaces due to rheumatoid arthritis or osteoarthritis
(Fig. 5C) or thin subchondral bone layers (Fig. 5D) and
scaphoid bones in poor-quality scans (Fig. 5E). The
sAUTO-contours resulted in significant, but small differ-
ences in bone indices (Table 2, Fig. 6A). In the subgroups
of good- and poor-quality scans (post hoc grading), all
indices were significantly different between the AUTO-
and sAUTO-contoured scaphoid bones except for Tb.N
and BV/TV, respectively (Table 3). Nevertheless, all
Journal of Clinical Densitometry: Assessment & Management of Mus
differences were <0.5% (except Tb.Th <1.0%) (Fig. 6A).
Percentage differences between both contouring methods
were in general larger in the poor-quality scans and
reached statistical significance for TMD and the trabecu-
lar indices (Fig. 6A). Within the subgroup of poor-quality
scans, differences between the AUTO- and sAUTO-con-
toured bones were in general larger in scans with multiple
poor-quality stacks or a poor-quality middle stack than in
those with 1 poor-quality stack or a poor-quality proximal
or distal stack (Supplementary Fig. 1). In the subgroups
of scans with and without a scaphoid fracture, all indices
were significantly different between the AUTO- and
sAUTO-contoured bones except for Tb.N in the former
and BV/TV in the latter subgroup (Table 4). Percentage
differences differed significantly between scans with and
without a scaphoid fracture for TMD within the subgroup
of good-quality scans (post hoc grading), and for BV/TV,
BMD, and Tb.N within the subgroup of poor-quality
scans (Fig. 5B).

Discussion

This study showed that in vivo HR-pQCT scanning of
the scaphoid bone is feasible in patients with a clinically
suspected scaphoid fracture. The proportion of repeated
scans considerably improved by extending the wrist-
immobilizing cast, worn during scanning, with a tempo-
rary thumb part. The proportion of post hoc graded
poor-quality stacks (14.9%) was considerably lower than
culoskeletal Health Volume 23, 2020



Fig. 4. Synthetic nonfiberglass cast used to immobilize the wrist during scanning. (A) The original cast, and (B) the
original cast (black) extended with an removable thumb cast (blue) seen from a dorsal (top) and volar (bottom) perspec-
tive. (Color version of figure is available online.)

Table 1
Patient Characteristics According to Scan Quality

Standard grading Post hoc grading

Characteristic
Good quality
(grade 1�3)

Poor quality
(grade >3)* p value

Good quality
(grade 1�3)

Poor quality
(grade >3)* p value

Number (%)
All (n = 85) 81 (95.3) 4 (4.7) 57 (67.1) 28 (32.9)
Scaphoid fracture (n = 21) 21 (100.0) 0 (0.0) 0.241 16 (76.2) 5 (23.8) 0.305
No scaphoid fracture (n = 64) 60 (93.8) 4 (6.3) 41 (64.1) 23 (35.9)

Gender �Male (%) 41 (50.6) 1 (25.0) 0.317 29 (50.9) 13 (46.4) 0.700
Median age § IQR (yr) 52 § 38 59.5 § 29 0.328 47 § 37 64.5 § 64 0.003
Quality distribution over stacks

One stack (%) - 3 (75.0) - 18 (64.3)
Proximal stack 1 (33.3) 3 (16.7)
Middle stack 0 (0.0) 9 (50.0)
Distal stack 2 (66.7) 6 (33.3)

Two stacks (%) - 1 (25.0) - 10 (35.7)
Proximal and middle stack 1 (100.0) 3 (30.0)
Proximal and distal stack 0 (0.0) 5 (50.0)
Middle and distal stack 0 (0.0) 2 (20.0)

Three stacks (%) - 0** (0.0) - 0** (0.0)

*A scan was assigned a poor quality if at least 1 of the 3 stacks of a scan had a grade >3 due to motion artifacts.
**One scan had a scaphoid bone covering only two stacks that were both of poor quality, but is included in the ‘2 stacks’-group.
p values <0.05 are shown in bold.
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Fig. 5. The automatic contouring algorithm applied on coarse hand-drawn precontours (AUTO) incorrectly con-
toured the scaphoid bone (A) at the first few (1) and last few (2) slices, and in case of (B) (displaced) fractures, (C) small
joint spaces, (D) thin subchondral bone layers, and (E) poor scan quality.
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of poor-quality scans (32.9%). Manual corrections were
needed in the AUTO-contours of all scans, but the result-
ing differences in bone indices were <1% for all bone
indices in good- and poor-quality scans and scans with
and without a scaphoid fracture.

A wrist- and thumb-immobilizing cast was necessary
to reduce motion artifacts. While 40% of the first 5
scans had to be repeated due to motion artifacts using
the original cast based on the standard grading during
scan acquisition, extension of this cast with a thumb
part lowered this proportion to 3.5%. An additional
thumb cast is therefore recommended in future HR-
pQCT studies scanning patients with a suspected
scaphoid fracture.
Table
Difference in Densitometric and Trabecular Structural Bone

Bone (AUTO) and Manually Co

Parameter AUTO (n = 83) sAUT

Densitometric
BV/TV [%] 53.0 § 7.85 53.0
BMD [mg HA/CC] 375 § 59.7 375
TMD [mg HA/CC] 769 § 29.4 770

Trabecular structural
Tb.N [mm�1] 1.75 § 0.159 1.76
Tb.Th [mm] 0.450 § 0.0816 0.448
Tb.Sp [mm] 0.521 § 0.0731 0.522

Values are mean § SD.
p Values < 0.05 are shown in bold.

Journal of Clinical Densitometry: Assessment & Management of Mus
Despite this adjusted cast, still 32.9% of the scans were
post hoc assessed as poor quality, which is considerably
higher than the poor-quality rate in 1-stack radius scans
(3%�19%) (29�32). This relatively large poor-quality
rate may have been caused by movement excursions due
to the more distal scan region for scaphoid bone scans
(29,31), which seemed to be more common in older
patients considering the age dependency in scan quality.
Also the necessity to scan 3 stacks to capture the entire
scaphoid bone rather than 1 stack may explain the rela-
tively large poor-quality rate as the proportion of poor-
quality stacks (14.9%) is in agreement with the poor-qual-
ity rates in the radius. This comparable poor-quality stack
rate and the recent approved clinical use of HR-pQCT
2
Parameters Between Automatically Contoured Scaphoid
rrected Contours (sAUTO)

O (n = 83) Difference p value

§ 7.92 �0.0400 § 0.130 0.004
§ 60.2 �0.574 § 0.954 0.000
§ 29.4 �0.834 § 0.859 0.000

§ 0.160 �0.00120 § 0.00340 0.002
§ 0.0811 0.00220 § 0.00260 0.000
§ 0.0733 �0.000900 § 0.00140 0.000

culoskeletal Health Volume 23, 2020



Fig. 6. Median (§IQR) percentage difference in bone indices between the automatically contoured scaphoid bone
without (AUTO) and with (sAUTO) manual corrections for A) all scans, good-quality scans, and poor-quality scans
and for B) good- and poor-quality scans with and without fractured scaphoid bones. Scan quality is based on post hoc
grading, and the significance level is set at 0.05.
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for osteoporosis assessment in adult patients may suggest
that the image quality of HR-pQCT is sufficient for diag-
nosis of scaphoid fractures, but this needs to be further
investigated.

Adequate image quality is also required for microarch-
itectural bone evaluations. Previous studies recom-
mended to repeat or exclude poor-quality radius and tibia
scans (i.e. 1-stack scans with grade >3) because of their
influence on bone indices (33), but these recommenda-
tions might be different for scaphoid bone scans (i.e.
3-stack scans). Because bone indices are determined over
the entire bone, the relative BV affected by subject
motion likely influences the effect of subject motion on
bone indices. This idea is reinforced by our finding that
bone indices were more influenced by manual contour
corrections in poor-quality scans with multiple poor-qual-
ity stacks or a poor-quality middle stack than in scans
with 1 poor-quality stack or a poor-quality proximal or
distal stack. Possibly, an additional distinction within
3-stack poor-quality scans based on relative motion-
affected BV might reduce the number of scaphoid bone
scans that should be repeated or excluded from quantita-
tive analyses, which requires a reproducibility study on
the effects of subject motion on bone indices (26).

Microarchitectural evaluations require also proper bone
contouring. Applied on coarse hand-drawn precontours,
the standard algorithm for automatic radius and tibia con-
touring appeared to correctly contour the scaphoid bone.
Journal of Clinical Densitometry: Assessment & Management of Mus
Although manual corrections were necessary in all scans,
they caused differences in bone indices (<0.5%, except
Tb.Th <1.0%) smaller than the voxel size of the scans and
smaller than longitudinal bone changes in radius and tibia
due to ageing, treatment, or repeated scans (26,32,34,35).
It is thus questionable whether manual corrections are
needed, especially when taking into account time con-
sumption (5�15 min for good-quality scans and 30�60 min
for poor-quality scans) and expected interobserver vari-
ability and reduced reproducibility (36). The ability to
automatically contour the scaphoid bone on HR-pQCT
scans allows for microarchitectural bone evaluations in sus-
pected scaphoid fractures and possibly also for research
into the healing process of these fractures (32).

Although this study was the first to explore the feasibil-
ity of in vivo HR-pQCT scanning of the scaphoid bone
and used a uniform protocol and cast for every patient to
allow between-patient comparison (24), it had several
limitations. First, only 1 researcher post hoc graded scan
quality and manually corrected contours, whereas both
are known to be subjective in radius and tibia scans
(26,36). The subjectivity in grading may be even larger in
scaphoid bone scans considering the discrepancy between
standard and post hoc grading of 85.7% (i.e. the standard
grading missed 85.7% of the scans that were post hoc
assessed as poor quality), which is considerably higher
than the 12% reported in literature on 1-stack radius and
tibia scans (i.e. theoretically 36% in 3-stack scans) (26).
culoskeletal Health Volume 23, 2020



Table 3
Difference in Densitometric and Trabecular Structural Bone Parameters Between Automatically Contoured Scaphoid Bone (AUTO) and Manually

Corrected Contours (sAUTO) for the Subgroups of Good- and Poor-Quality Scans Based on post hocGrading.

Good quality (grade 1�3; n = 57) Poor quality (grade >3; n = 26)*

Parameter AUTO sAUTO Difference p value AUTO sAUTO Difference p value

Densitometric
BV/TV [%] 53.5 § 7.81 53.6 § 7.84 �0.0400 § 0.0700 0.000 51.7 § 7.93 51.8 § 8.10 �0.0400 § 0.220 0.304
BMD [mg HA/CC] 381 § 61.4 381 § 61.7 �0.464 § 0.517 0.000 362 § 54.9 363 § 56.1 �0.813 § 1.52 0.011
TMD [mg HA/CC] 774 § 30.7 775 § 30.8 �0.447 § 0.435 0.000 757 § 22.5 758 § 22.6 �1.68 § 0.949 0.000

Trabecular structural
Tb.N [mm�1] 1.73 § 0.148 1.73 § 0.148 �0.000200 § 0.00200 0.516 1.81 § 0.168 1.82 § 0.172 �0.00340 § 0.00470 0.001
Tb.Th [mm] 0.450 § 0.0886 0.449 § 0.0881 0.00110 § 0.00140 0.000 0.451 § 0.0651 0.446 § 0.0648 0.00470 § 0.00270 0.000
Tb.Sp [mm] 0.526 § 0.0690 0.526 § 0.0692 �0.000500 § 0.00120 0.003 0.511 § 0.0818 0.513 § 0.0825 �0.00180 § 0.00150 0.000

*A scan was assigned a poor quality if at least 1 of the three stacks of a scan had a grade >3 due to motion artifacts.
Values are mean § SD.
p values < 0.05 are shown in bold.

Table 4
Difference in Densitometric and Structural Bone Parameters Between Automatically Contoured Scaphoid Bone (AUTO) and Manually Corrected

Contours (sAUTO) for the Subgroups of Scans with and Without a Scaphoid Fracture Based on the HR-pQCT Scans.

Scans with scaphoid fracture (n = 21) Scans without scaphoid fracture (n = 62)

Parameter AUTO sAUTO Difference p value AUTO sAUTO Difference p value

Densitometric
BV/TV [%] 56.0 § 6.03 56.1 § 6.12 �0.0900 § 0.130 0.004 51.9 § 8.17 52.0 § 8.23 �0.0300 § 0.130 0.113
BMD [mg HA/CC] 395 § 39.9 396 § 40.5 �0.825 § 1.09 0.002 368 § 63.9 369 § 64.4 �0.489 § 0.899 0.000
TMD [mg HA/CC] 762 § 31.6 763 § 31.4 �0.562 § 0.833 0.006 771 § 28.6 772 § 28.5 �0.926 § 0.854 0.000

Structural
Tb.N [mm�1] 1.80 § 0.186 1.81 § 0.189 �0.00190 § 0.00490 0.086 1.74 § 0.146 1.74 § 0.147 �0.000900 § 0.00270 0.011
Tb.Th [mm] 0.458 § 0.0628 0.457 § 0.0619 0.00150 § 0.00200 0.003 0.447 § 0.0873 0.445 § 0.0869 0.00250 § 0.00270 0.000
Tb.Sp [mm] 0.495 § 0.0832 0.495 § 0.0830 �0.000600 § 0.00110 0.032 0.530 § 0.0677 0.531 § 0.0681 �0.00100 § 0.00150 0.000

Values are mean § SD.
p Values < 0.05 are shown in bold.
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The Feasibility of HR-pQCT in Patients 441
Our large discrepancy may possibly be caused by difficul-
ties in applying the existing quality-grading criteria on
scaphoid bone scans as 1 criterium is based on the conti-
nuity of the cortical layer, which is extremely thin in the
scaphoid bone and which has small interruptions that
could reflect transcortical vascular entries rather than cor-
tical discontinuities due to motion artifacts (37). Further
research should therefore investigate inter- and intraob-
server variability in grading and manually correcting con-
tours and address the applicability of existing grading
systems to scaphoid bone scans. Second, in this study the
newest second-generation HR-pQCT scanner was used,
whereas many first-generation systems are still in use.
The use of the first-generation scanner would have likely
resulted in a larger proportion of poor-quality scans
because of a longer scanning time (8.4 min for a 27.1-mm
scan using the first-generation 82 mm-resolution scanner
and 6.0 min for a 30.6-mm scan using the second-genera-
tion 61 mm-resolution scanner (25)). The ability to auto-
matically contour the scaphoid bone, on the other hand,
would likely not have been different. Third, stack shifts
were observed in the scans of some patients. Although
these shifts could have influenced bone indices, they were
not accounted for in the analyses because of their
expected limited effect on bone indices. Fourth, although
the comparable poor-quality stack rate and the recent
approved clinical use of HR-pQCT for osteoporosis
assessment in adult patients indicates that the image qual-
ity of HR-pQCT may be sufficient for diagnosis of scaph-
oid fractures, its diagnostic performance for scaphoid
fractures is currently not known, and it has to be further
studied what quality of HR-pQCT scans is needed for
adequate diagnosis of these fractures. Fifth, gender was
not taken into account in the analyses despite the epide-
miological differences between men and women with a
fractured scaphoid bone.

In conclusion, in vivo HR-pQCT scanning of the
scaphoid bone is feasible in patients with a clinically sus-
pected scaphoid fracture when using a cast with thumb
part during scanning. The proportion of poor-quality
stacks is similar to radius and tibia scans, and automatic
contouring starting from coarse hand-drawn precontours
is appropriate. HR-pQCT may be promising for diagnosis
of scaphoid fractures, for microarchitectural bone evalua-
tions in patients with a suspected scaphoid fracture, and
possibly also for research into the healing process of
scaphoid fractures.

Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.jocd.2019.08.003.
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