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Abstract Peripheral quantitative computed tomography
(pQCT) can be used to examine bone strength outcomes and
muscle size and fatty infiltration. Our research team and others
have used it to examine bone loss after spinal cord injury (SCI).
However, the high prevalence of restricted lower extremity
range of motion, spasticity, edema, excessive muscle atrophy,
or severe osteoporosis necessitates changes to standard proto-
cols for screening, positioning during scan acquisition, and anal-
ysis methods. This manuscript outlines the challenges that we
experienced using pQCT in individuals with SCI, and provides
solutions, ones that may also be applicable when using pQCT in
individuals with other chronic conditions or in older adults.
Suggestions for participant screening, positioning individuals
for scanning while in a wheelchair, scan site selection, need
for attendant assistance, and considerations in the presence of
secondary complications, such as contracture, spasticity, and
paralysis, are presented. In the presence of very low bone min-
eral density or severemuscle atrophy, the default analysismodes
provided by the manufacturer may not provide valid estimates
of bone or muscle indices; we propose alternates. We have used
watershed segmentation methods to determine muscle size and

density based on lower precision error compared to threshold-
based edge-detection segmentation, particularly for adults with
SCI, where more fatty infiltration was present. By presenting
our Blessons learned,^ we hope to reduce the learning curve for
researchers using pQCT in the future.

Keywords Bonemineraldensity .Muscleatrophy .Peripheral
quantitative computed tomography . Spinal cord injury

Introduction

Rapid alterations in bone strength and muscle cross-sectional
area occur in conditions of neuromuscular or neurologic
impairment-related paralysis, e.g., muscular dystrophy, stroke,
and spinal cord injury (SCI). SCI during growth has been
associated with reduced expansion of bone cortices [1], sug-
gesting that axial loading, physical activity, or muscle activity
contributes to cortical expansion during growth. Adult-onset
SCI results in rapid muscle atrophy [2–4] and loss of bone
mineral density (BMD) [5–23] (Table 1). Recent evidence
highlights the inter-relationship between muscle and bone,
and the need to study them in tandem [15, 24].

pQCT allows assessment of the bone (e.g., BMD, bone
geometry) and muscle (e.g., muscle size and density) at the
tibia, one of the most fracture-prone sites after SCI. A partic-
ipant can be scanned while in a wheelchair, eliminating need
for transfer. However, comorbid conditions or impairments
(e.g., limited mobility, spasticity, edema) necessitate changes
to protocols for image acquisition and image analysis (Table
2) [4–23]. Many of the protocol variations may also be appli-
cable to individuals with impairments or conditions other than
SCI (e.g., stroke, obesity, older adults). Herein, we describe
our Blessons learned^ about the challenges of using pQCT in a
clinical population that presents challenges to standard
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operating procedures, namely individuals with SCI. We have
categorized the challenges using the following subcategories:
participant, rater (e.g., technician/researcher/clinician
performing acquisition, analysis), and instrument (e.g., ma-
chine, software). We also conducted a literature search in
PubMed (MEDLINE) using Bperipheral quantitative comput-
ed tomography^ and Bspinal cord injury^ as search terms to
summarize findings related to bone and muscle outcomes and
acquisition and analysis protocols from observational studies
using pQCT in adults with SCI.

Participant

A majority of individuals ≥10 years post-SCI report a mean of
seven comorbid conditions including obesity, diabetes, fragility
fractures, urinary tract infections, pressure ulcers, autonomic
dysfunction, impaired mobility or range of motion, pain, and
spasticity. Unanticipated health complications and transporta-
tion barriers contribute to attrition and missed/late study visits,
necessitating longer assessment windows.We add the following
exclusion criteria to pQCT studies: bilateral metal implants at
measurement site; calf circumference ≥439 mm (or ≥gantry
diameter of 140 mm); spasticity sufficient to cause persistent
movement artifact; or hip or knee flexion or ankle plantarflexion
contractures limiting positioning.

Participant-related factors affecting prescreening

Prescreening for pQCT assessment should include inquiries
about hand/foot dominance; presence of metal implants or
prior fracture at measurement site of interest, and in females,
the possibility of pregnancy. One must not assume that pre-
menopausal women with SCI are not sexually active; screen-
ing for pregnancy must occur prior to each scan acquisition.
Prior fracture at the measurement site of interest that has re-
sulted in bony incongruities may warrant scanning the oppo-
site side, or exclusion.

Often, the nondominant hand or most affected limb is se-
lected to scan. However, asymmetries in motor function (e.g.,
hemiplegia; diplegia) result in asymmetrical bone or muscle
adaptations. Lower extremity motor or sensory scores from
the International Standards for Neurological Classification of
SCI can be used for site selection [http://www.asia-
spinalinjury.org/elearning/ASIA_ISCOS_high.pdf]. In the
absence of an ISNCSCI report, individuals can self-report
neurological level and ASIA impairment scale with clinical
prompts [25]. An a priori decision process for scan site(s)
selection is needed. It is advisable to choose one side and only
scan the alternate side when dictated by conditions precluding
accurate regional BMD assessment (e.g., metal implants,
spasticity, prior fracture). Alternatively, a hierarchical plan
for selecting scan site can first determine if there are contrain-
dications to scanning either side, or if motor or sensoryT
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impairments are greater on one side than the other, and if
neither is present, then the nondominant side is chosen. The
presence of a leg bag for urine collection that the participant
declines to move may also inform selection. If the side to be
scanned is determined in advance, participants who use a leg
bag may be asked to secure it to the opposite leg for the day.

Spasticity is a an exaggerated stretch reflex secondary to
hyperexcitability of spinal reflexes, with increased muscle re-
sponse to applied stretch, positively correlated with lengthen-
ing rate [26]. Spasticity can contribute to involuntary move-
ment and scan artifacts. Hip flexion, rapid knee extension, or
plantar flexion of the foot required to thread the leg into the
scanner can trigger local spasticity among individuals with
extensor synergy at knee and ankle, which can cause tissue
injury to the skin or heel if the leg hits the equipment with
sufficient force. Prescreening should include an assessment of
lower extremity range of motion and the presence and severity
of spasticity, ideally using a validated tool (e.g., Penn spasm
frequency scale) [27]. For individuals with high spasm fre-
quency and severity scores, prescan administration of sublin-
gual Ativan, prescribed by a physician, could be considered, a
common practice in radiology [28]. Ativan administration re-
quires an interprofessional team, standard operating proce-
dure, and research ethics board approval. Spasticity and paral-
ysis can contribute to the contracture development and re-
duced range of motion due to permanent shortening of mus-
cles, ligaments, or tendons. Hip or knee flexion or ankle
dorsiflexion or plantarflexion contractures may limit position-
ing or create obliquity in scanning.

Individuals who are overweight or with substantial periph-
eral edema may have a calf circumference that exceeds the
pQCT gantry size (e.g., gantry diameter of 140 mm for
XCT2000); calf circumference should be measured in
prescreening if scans at widest calf cross section (66 %) are
planned. Among 70 individuals with SCI in our prospective
cohort study [13], three had calf circumferences exceeding
439 mm (or gantry diameter of 140 mm).

Rater

Issues specific to rater (e.g., individuals acquiring/analysing
images) are as follows: training regarding safe transfers, avail-
ability of attendant services, knowledge of SCI impairments
and secondary complications, and image quality.

Transfer training and attendant needs

The availability of trained personnel familiar with the needs of
individuals with neurologic impairment should be considered
and has implications for study budgets. If assistance in trans-
ferring from wheelchair to assessment chair is required, or the
individual needs to be lifted and positioned closer to the scan-
ner, attendants or technicians require transfer training. Further,

once the individual is positioned close to the scanner, the leg
needs positioning. Some individuals with SCI can use their
hands or have sufficient motor function to lift the paralyzed
leg, but most require one additional person present to lift and
position the leg while the technician moves the scanner.
Examples of professionals that could be contracted to perform
the service include physical therapy assistants, personal sup-
port workers, or other health care professionals.

Knowledge of impairments and secondary complications

Individuals performing pQCT scanning or providing assis-
tance require an understanding of the heterogeneity of motor
and sensory impairments among individuals with SCI, and
secondary complications (e.g., spasticity, edema, poor wound
healing, and fracture risk). For example, the person position-
ing the leg needs to lift it slowly to avoid triggering a spasm,
and be educated on how to minimize spasticity if a spasm
occurs. Gentle range of motion exercise can be performed
prescan to reduce the risk of regional spasticity. If a spasm
occurs, the leg should be protected from forceful contact with
the device or rigid objects, to avoid skin damage.

Image quality

Images should be examined immediately for movement arti-
fact, and the images discarded and scan acquisition repeated if
present. A visual scale for assessment of movement artifact
has been described [29]. It should be determined a priori how
many attempts to scan will be made. In our cohort study of 70
individuals with SCI and three follow-up visits (210 images
total), 12 images had movement artifact, with 7 individual
datasets missing at least one image.

Environment and instrument

The lab needs a level entrance and adequate turning radius
(60′ circle), or a T-shaped 60×60″ square with two 12×24″
sections removed, to ensure accessibility for both technolo-
gists and participants. The environment must be accessible
(e.g., doors wide enough, no stairs), including an accessible
restroom.

We use the Stratec (XCT-2000, Stratec Medizintechnik,
Germany) for scanning the ultradistal tibia (4 %) and tibia
shaft (38, 66 % sites) similar to other studies in the literature
(Table 2). The 66 % site is used to estimate muscle size and
muscle density (proxy for fatty infiltration of muscle). Our
perspectives are based on one Stratec model (XCT-2000,
Stratec Medizintechnik, Germany) and software (Stratec
XCT-2000, version 6.00), and may not be applicable to other
versions. We explored the potential for using HRpQCT
(XtremeCT, Brüttisellen, Switzerland) in individuals with
SCI. The narrow and shallow gantry of the first-generation
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scanner, combined with the inability to adjust the height of the
opening limited the number of individuals that could be ac-
commodated. Contractures, inability to transfer, variable
wheelchair height, and spasticity are major concerns
preventing safe and feasible HRpQCT image acquisition.
Access to available participants is already limited. However,
it may be feasible among other impairment groups who can
transfer to a chair and do not have knee or ankle contractures.

Image acquisition

Some individuals with SCI have sufficient mobility to perform
an independent level transfer from a wheelchair to sit in the
scanning chair. pQCT scans can be performed while the indi-
vidual remains in their wheelchair (Fig. 1a, b). The partici-
pant’s mobility (gait aid, manual versus power wheelchair),
wheelchair height, trunk stability, and willingness or ability to
transfer or lift leg into the scanner, should be recorded to
inform the level of assistance required or attendant service
needs, and scan setup (Fig. 1c). The wheelchair footplate
(e.g., rigid or swing away) influences how close a wheelchair
can be placed to the scanner (Fig. 1d).

We have performed the majority of our pQCT scans in
individuals with SCI while they were seated in their wheel-
chairs. However, heights of wheelchairs vary (e.g., power
wheelchairs may place the seated individual higher above
the ground than manual wheelchairs). The pQCT scanner is
on a pneumatic lift device with wheels, so we can adjust the
scanner height (Fig. 2a–c). We have created metal stoppers of
various sizes to secure the lift, in case the pneumatics fail
(Fig. 2d); colleagues have reported one instance where this
occurred, albeit not while the device was being used. We re-
move or swing away footplates. If the footplates are fixed, the
individual will need to shift forward on their seat to ensure
their limb can be inserted far enough into the scanner.
Individuals with motor and sensory impairments of the trunk
and upper extremities may need assistance shifting forward
(e.g., lift them from behind, shift their hips or pull their pelvis
forward). To reduce movement during scanning, we place a
pillow behind the participant’s back if they are shifted forward
on their seat.

Clothing and assistive devices that may influence scan ac-
quisition should be documented, ideally prior to arrival in case
adaptations are needed. Adaptations should be performed con-
sistently with repeat scans. For example, individuals whowear
support stockings may not need to remove them, although it
may influence palpation of surface anatomical landmarks or
manual marking of the leg. We have applied strips of tape to
make markings on. Obesity, swollen or edematous limbs also
makes the palpation of surface anatomical landmarks difficult.

We recently recruited 60 individuals with neurologic im-
pairment to examine feasibility of routine pQCT scanning and
encountered: one leg too large to fit; four expressed concernsT
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about spasms; 1 expressed concern about the space available to
place the nonscanned leg and risk of spasm; 1 where spasms
prevented scanning; 12 that were difficult to position; 3 where
ability to tilt pQCT would have assisted positioning; 3 where
positioning was uncomfortable; and 1 where contractures
prevented scanning. The most common positioning issues were
wheelchair hardware preventing close enough positioning and
difficulty positioning the leg due to limited gantry size.

Image analysis

Interpretation of any measure requires knowledge of its repro-
ducibility, least significant change, and minimal clinically sig-
nificant difference [30, 31], as well as the individuals’ impair-
ments. CALCBD mode is used to calculate total, trabecular,
and cortical-subcortical bone densities and areas at ultra-distal
tibia (4 % of length moving distal to proximal), and requires
the user to define a contour mode and a peel mode, and other
inputs depending on modes chosen (e.g., thresholds, peel %).
The default for CALCBD uses contour mode 1, with a user-
defined threshold to separate soft tissue from the bone outer
edge (default threshold=280 mg/cm3). With contour mode 1,
voxels within the cortex that have a lower attenuation

coefficient than the threshold are removed, resulting in black
lines through the representation of bone depicted on the com-
puter screen (Fig. 3). Notably, the selection of pQCT analysis
protocols varies across studies in individuals with SCI, and the
reporting of analysis methods is often incomplete (e.g., lack of
details on contour and peel modes) (Table 2).

Contour modes 2 and 3 use an iterative threshold-guided
edge-detection algorithm to segment the bone edge, with de-
fault (169 mg/cm3), or user-defined thresholds, respectively.
The threshold is used to guide the selection of a voxel on the
bone edge, and then iteratively guide determination of adja-
cent voxels of equivalent or greater density to establish the
bone contour. Pervasive low-density voxels on or near the
bone edge can result in failure of the contour detection algo-
rithm to iterate. In cases of low-density bone, a lower thresh-
old than the default may be more appropriate. We did pilot
work assessing the precision of pQCT-based bone measures
[30], and a priori, we tested all three modes to inform the
choice of analysis protocol; using the default analysis protocol
for contour mode 1, we had several scans with Bblack lines^
indicating the threshold was too high, and for contour mode 2
(threshold 169 mg/cm3), the contour detection algorithm
failed to iterate in a number of scans.

Fig. 1 Digital images of our protocol for peripheral quantitative
computed tomography (pQCT) scan acquisition in an individual with
spinal cord injury. The use of pQCT allows the scans to be performed

while a person is in a wheelchair (a, b); note the position of the lower leg
in the scanner and foot in the footplates (c, d)
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Peel mode 1 concentrically Bpeels away^ a user-defined
percentage of the bone surface (default 55 %) starting from

the periosteal edge, labeling it as the cortical-subcortical re-
gion, and what remains (default 45%) is analyzed as trabecular

Fig. 2 Digital images of a pneumatic lift device with wheels as used in
our peripheral quantitative computed tomography (pQCT) scanning
protocol (a). The height of the pQCT scanner can be adjusted to the

height of the chair (b, c). Metal stoppers of various sizes have been
created to secure the lift device (d)

Fig. 3 Peripheral quantitative computed tomography image analysis of
trabecular bone mineral density using CALCBD and default contour
mode 1 procedures. Contour mode 1 applies a threshold of 280 mg/cm3

to separate soft tissue from the outer edge of the bone. Using contour

mode 1, voxels within the cortex are removed if they have a lower
attenuation coefficient than the threshold, resulting in black lines
through the analyzed representation of the bone
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bone. Peel mode 2 employs a user-defined threshold to sepa-
rate cortical and trabecular bone. Other peel modes are avail-
able [32]. Peel mode 2 may be preferable when analyzing the
bones of individuals with SCI, because bone area is reduced to
variable degrees, so a standardized percent area to separate
cortical and trabecular bone may not be appropriate. We have
used contour mode 3 and peel mode 2 with an inner threshold
of 130 mg/cm3 and an outer threshold of 400 mg/cm3 to avoid
segmentation failures, consistent with Ashe et al. [32]. Several
pQCT studies in the literature report the use of a standardized
peel mode (default 45 %), which may be inappropriate given
the variable bone loss across individuals with SCI (Table 2).

CORTBD mode is used to calculate total and cortical bone
densities, bone areas, and bone geometry in scans taken of the
bone shaft. Default analysis uses a 710 mg/cm3 threshold to
define cortical bone. We have not experienced segmentation
failures using the default. However, individuals with SCI ex-
perience substantial endocortical bone resorption, so a large
portion of bone area is excluded in the CORTBD analysis
because it does not meet the threshold. Therefore, cortical
bone area, cortical thickness, and total bone density are typi-
cally much lower than would be expected in age- and gender-
matched peers, but cortical BMD is normal or only slightly
reduced. To obtain a true estimate of the cortical bone density
including areas where bone resorption has created resorption
bays, or Btrabecularization^ of cortical bone (Fig. 4), lower
thresholds or alternative analysis methods are required, or to-
tal density or other variables should be considered in lieu of
cortical density.

The type and timing of impairment onset must be considered
in the selection of variables to examine a priori. Previously, we
reported that in 63 individuals with SCI, for each standard
deviation decrease in polar moment of inertia at the 66 % site,
there was an increased likelihood of having prevalent fractures
(OR 3.2, 95 % CI 1.2–11.4) after controlling for presence of
motor complete injury [13]. However, individuals who experi-
ence neurologic impairment at birth or during childhood devel-
op normal total and cortical bone density, with little to no evi-
dence of endocortical resorption; they have reduced periosteal
expansion, and therefore have much lower total and cortical
bone area, and lower moment of inertia compared to age- and
gender-matched individuals [1].

Muscle analysis and data interpretation

pQCT has also been used to quantify muscle cross-sectional
area (CSA) and muscle density, most commonly at the site of
widest calf circumference (66% tibia length). Stratec Analysis
Software (V6.0, Orthometrix Inc., White Plains, NY, USA)
provides instructions on how to adapt CALCBD analysis
modes to estimate muscle CSA; total muscle+bone area is
segmented from subcutaneous fat area, bone area is deter-
mined and subtracted from muscle + bone area to obtain

muscle CSA. Muscle density can be derived by subtracting
bone mass from bone+muscle mass to derive muscle mass,
and dividing muscle mass by muscle CSA. However, one step
in the muscle CSA analysis requires the scan to be analyzed
using contour mode 3 with an edge detection algorithm
(threshold 40 mg/cm3) to segment the outer border or fascia
line of muscle CSA from subcutaneous fat. With muscle atro-
phy and fatty infiltration, the segmentation step may fail be-
cause of variation in linear attenuation values along the muscle
border, preventing delineation of muscle-subcutaneous fat
boundary. An additional step requires a threshold-based seg-
mentation of bone from muscle using contour mode 1, peel
mode 2, and a threshold of 280 mg/cm3. If voxels in the cortex

Fig. 4 Peripheral quantitative computed tomography image analyses of
cortical bone mineral density using CORTBD default procedures. In
cases of cortical bone loss where bone resorption bays and
Btrabecularization^ of cortical bone are present, lower thresholds or
alternative analysis methods are required. Total bone mineral density or
other variables should be considered in lieu of cortical bone mineral
density when assessing bone strength in individuals with neurologic
impairment
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have a density lower than 280 mg/cm3, they will be removed,
resulting in a failed segmentation.

We have recently compared the manufacturer’s analysis
method for muscle area and density to a method using water-
shed techniques (sliceOmatic software package v4.3,
Tomovision, Magog, QC, Canada) [33]. A watershed algo-
rithm creates what is akin to a topographical representation
of the image, where the gray level of a voxel represents its
Baltitude,^ and a relief is the difference in elevation from the
lowest to highest point [34]. If a drop of water were to fall on
the relief, it would flow toward a local low point. Where
adjacent or nearby voxels have large differences in signal
intensity, the difference in Belevation^ would be high. The
topographic representation can be used to define watershed
lines and catchment basins (Bpools^), such that watershed
lines, or the edges around each Bpool^ are areas of large dif-
ferences in signal intensity. The pools can then be Btagged^ by
tissue type and merged. The watershed segmentation method
yielded lower precision error (1.18–2.01 %) and higher aver-
age muscle density (70.2 ± 9.2 mg/cm3) compared to
threshold-based edge detection segmentation (1.77–4.06 %
error, average muscle density 67.4± 10.3 mg/cm3), and for
SCI, where more fatty infiltration was present, precision error
improved by 1.56 and 2.64 % for muscle area and density,
respectively. Notably, 20.3 % (35/172) of images failed step 1
segmentation using threshold-based edge detection. Among
35 images, 31.4 % (11/35) of the images failed step 2. In
contrast, the entire muscle area was segmented for all images
analyzed with the watershed algorithm. Therefore, the
watershed-guided manual segmentation can be used to im-
prove precision and reduce failed segmentations in images
with muscle atrophy and fatty infiltration of muscle, if the
software and expertise is available.

Discussion and summary

Motor and sensory impairments and health complications
present unique challenges to address during participant
screening and pQCT image acquisition and analysis. The chal-
lenges described herein may be applicable in older adults or
with other health conditions. For example, spasticity can be
present with other neurologic impairments. Contractures can
occur with neurologic impairment, arthritis, or joint replace-
ment or injury. It is not uncommon to encounter adults whose
calf circumference exceeds 439 mm. Lower extremity edema
or obesity may also limit positioning or the location of bony
landmarks. Day-to-day variability in edema may compromise
reproducible landmarking.

Prior to initiating a pQCT study, accessibility of the instru-
ment and environment, and availability of technicians or at-
tendants with knowledge of the impairments and health com-
plications of the population of interest should be considered in

study planning. Older or obese adults with limited mobility or
range of motion may also find it difficult to position the leg in
the scanner independently and may require assistance. The
main limitations that we encountered are gantry size and the
limitations posed by somewheelchairs. We allow for extra time
to Bproblem solve^ positioning during the first study visit.

Default image analysis protocols may not work well in
individuals with very low bone density, muscle atrophy, or
fatty infiltration of muscle, such as older adults or individuals
with diabetes [35, 36], and alternative image analysis proto-
cols are available. The presence of low bone mineral density,
muscle atrophy or fatty infiltration, positioning challenges, or
movement artifact may influence the precision of bone and
muscle indices. Precision in a given laboratory should be re-
ported for the population of interest rather than a convenience
sample. Reporting on feasibility aspects should become stan-
dard practice, such as the number excluded from the study or
that could not be scanned and why, or modifications to image
acquisition and analysis protocols. We outline challenges and
solutions so that researchers and clinicians who use pQCT in
future do not experience the learning curve that we have.
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