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Abstract

After spinal cord injury (SCI), bone loss in thergdgsed limbs progresses at variable rates.
Decreases in bone mineral density (BMD) in thet fyisar range from 1% (slow) to 40%
(rapid). In chronic SCI, fragility fractures commgmccur around the knee, with significant
associated morbidity. Osteoporosis treatments afu#litevaluation in SCI, but should be
initiated early and targeted towards patients atihip rapid bone loss. The potential to
predict rapid bone loss from a single bone scahiwiveeks of a SCI was investigated using
Statistical Shape Modelling (SSM) of bone morphglobypothesis: baseline bone shape

predicts bone loss at 12-months post-injury attfn@zprone sites.

In this retrospective cohort study 25 SCI patidnisdian age, 33 years) were scanned at the
distal femur and proximal tibia using peripheral aQtitative Computed Tomography at
<5weeks (baseline), 4, 8 and 12 months post-infanySSM was made for each bone. Links
between the baseline shape-modes and 12-month dothltrabecular BMD loss were

analysed using multiple linear regression.

One mode from each SSM significantly predicted blmss (age-adjusted P<0.05=R.37-

0.61) at baseline. An elongated intercondylar fexhootch (femur mode 4, +1 SD from the
mean) was associated with 8.2% additional losewifofral trabecular BMD at 12-months. A
more concave posterior tibial fossa (tibia mode+3, SD) was associated with 9.4%

additional 12-month tibial trabecular BMD loss.

Baseline bone shape determined from a single bzareis a valid imaging biomarker for the

prediction of 12-month bone loss in SCI patients.
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1 Introduction

Every year 130,000 people worldwide, survive arratic Spinal Cord Injury (SCI)[1]. In

developed economies these patients can now expactnormal lifespans, but have to face
the many complications of SCI including osteopmoand osteoporotic fractures[2-4].
Osteoporotic fractures occur in men and womenngaand old; they are frequently low-
energy, occurring during transfer activities, sashfrom wheelchair to bed or bed to chair,
during rehabilitation activities or simply as aukf turning in bed[4] and are at least twice
as common as in the general population[5]. Theadifgmur and proximal tibia are the

commonest sites of bone loss and fractures.

At first glance the implications of lower limb fures in patients with SCI may seem
insignificant as patients are already non-ambuwatetowever, fractures can have serious
consequences with morbidity exceeding non-SCI @racpopulations[6] often compounded
by a delay in recognising the fracture. SCI reldteekr limb fractures are difficult to treat as
the fractured bone is commonly fragile and porowking surgical fixation complicated,
whilst the other standard option, plaster castsczarse pressure ulcers in the limb they are
applied to. Other complications include mal-unior aleformity (another cause of pressure
ulcers), extended periods of bed rest, prolongedspitalisation and decreased

independence(7].

Abbreviations

Spinal Cord Injury (SCI), Statistical Shape Modwalli(SSM), Queen Elizabeth National
Spinal Injury Unit (QENSIU), American Spinal InjuAssociation (ASIA), ASIA
Impairment Score (AlS)



No guidelines exist for the treatment of osteopigros SCI patients, and clinicians generally
take a reactive rather than a preventative appréadhneating this group. Guidelines for
postmenopausal osteoporosis[8, 9], have limitedev&br treating SCI osteoporosis because
of differences in the pathophysiology and co-matlad[2-4]. Furthermore, there is no clear
equivalent of FRAX for fracture risk calculationrf&Cl patients[10]. Current available
treatments are often intensive, life-long and hamdesirable side effects[11]. Importantly,
many of the treatments have either only workedyorked best, when administered in the
acute stage after injury[12]. All these challengiest patients and clinicians face could be
circumvented by establishing a preventative targeteat approach. ldentifying those at risk
of rapid bone loss would help greatly in initiatitiggrapy in the early stage after injury, when

it is most likely to be effective[12, 13].

The majority of acute bone loss occurs in the fits2 years after injury[14, 15]. Bone
Mineral Density (BMD) gradually levels off at aradi3-7 years post-injury with variations in
the rate depending on the anatomical location[36]l osteoporosis is “sublesional” i.e. bone
loss occurs below the neurological injury levelthnall limbs affected in tetraplegia, but only
the lower limbs in paraplegial5, 17, 18]. In bothrgplegics and tetraplegics, there is
substantial variability in the rate of bone lossl& months post-injury, with some SCI
patients losing bone much faster than predicted tupl0%), some losing bone at the
predicted rate, while others lose little or no Ha®¢ The rate of bone loss cannot be
predicted or explained by the level of neurologiogry and methods to identify those who

will suffer rapid bone loss are needed.

The innovative use of statistical shape modell®8§N1) to capture bone shape has enhanced

hip fracture prediction in the elderly[20-22]. SSiaracterises and quantifies the natural



shape variation of an object, overcoming the littotas of basic geometric measurements
(e.g. width, length, angles) which are suitable donpler objects. This approach has been
successfully applied to study various medical coods[20, 23-26]. Until now, bone

morphology has not been investigated in SCI patjenten though it is a known determinant
of bone strength, independent of BMD[27-29]. Feudsts have investigated prediction of

bone loss in postmenopausal women, older men op&@nts[19, 30-33].

The aim of this study is to investigate, for thestfitime, the prediction of SCI related bone
loss based on a single early bone scan. The spebitective of this study was to test whether
femoral and tibial statistical shape models regbalpe variations that can predict the rate of

bone loss in a cohort of SCI patients and act asaging biomarker.

2 Material and Methods

2.1 Study subjects and imaging

This study was approved by the West of Scotlance&es Ethics Committee 3 in line with
the declaration of Helsinki[34]. Participants gdwudl informed consent and their datasets

were anonymised.

Images and data from a prospective study, desigmetiaracterise bone loss in individuals
with complete SCI in the first year post-injury weainalysed retrospectively. Full details of
the study design and findings are available elses{B4]. Recruitment took place between
October 2008 and February 2012. In-patients aheen Elizabeth National Spinal Injury
Unit (QENSIU), Glasgow, UK, who were no more thawéeks post-injury at the start of the

study with a ASIA Impairment Score (AIS) of A (motcomplete, sensory-complete) or B
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(motor-complete, sensory-incomplete) according tee tinternational Standards for
Neurological Classification of Spinal Cord Injuryere eligible for inclusion[35]. Patients
were excluded if they had pre-SCI diagnosis of ambeosis or medical complications

associated with their injury.

Images and bone density were obtained using an 000 peripheral Quantitative
Computed Tomography (pQCT) scanner (Stratec Metizimik GmbH). Scans were taken
of the distal femur and proximal tibia at four tirpeints. Baseline scans were taken as soon
as possible after injury (all before 5 weeks pagifiy) and follow up scans at 4, 8 and 12

months post-injury.

Scans were taken on the ‘dominant’ side for altipigiants except when a limb on that side
had a history of fractures or if the region to barsied contained any metal components[19,
34]. All scans were taken by the same operatorgutia same anatomical location (4% total
bone length) and scanning parameters as the baselam (slice thickness 2.4mm, voxel edge
length 0.3mm for distal femur and 0.5mm for proxinikia)[36]. Reproducibility has been
previously published[36]. Images were saved as carseparated value files and converted
into 8bit Tiff. The right leg was scanned for 21f2&ticipants. All subjects had femur BMD
values within the normal range at baseline (no e values are available for the
proximal tibia)[15]. Percentage change in total BMabecular BMD (calculated within the
central 45% of total bone area) and Bone Minerait€at (BMC) from baseline to 12-month
scan were calculated[34]. Cortical BMD was not nuead as the thinness of the cortical

shell at the epiphyses makes it an unreliable nmeatue to the partial volume effect.



2.2 Satistical shape modelling

Semi-automated point placement of shape templasssp&rformed on all baseline images
using the Active Shape Model Toolkit (Visual Autaima Limited, Manchester, UK). Figure

1 shows the templates for the femur (44 points) w@id (30 pointy Mode scores (output
variables) were calculated by a locally developetiwsare (Shape, Aberdeen, UK) using
principal component analysis. Scores were caladilateeach mode has a mean of zero and a

standard deviation (SD) of 1 and is statisticatigapendent from the other modes (Figure 2).

Intra- and inter-repeatability were assessed uiegmedian point-to-point distance for 10
femur and tibia images each. Each image was margddice at least one day apart. Intra-
and inter-repeatability was 0.6 pixels (0.18mm) ar@i pixels (0.36mm) for the femur and

0.7 pixels (0.35mm) and 1.9 pixels (0.95mm) fortib& respectively.

Anterior Anterior

Posterior Posterior

Figurel

Femur and tibia shape models. Landmark pointan@glies) mark easily identifiable
anatomical or geometric features (e.g. the tiphef femoral anteromedial condyle). Non-

landmark points (circles) are equally spaced terles the outline.
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Figure?2

To calculate shape variation in the dataset, theedanust first be aligned as closely as
possible by scaling, rotating and transforming @héines (Procrustes analysis). This allows
the average shape to be calculated for the femuarnd tibia (B) and also a “point cloud” for
each, (C and D respectively) showing the variatiorfemur and tibia points. Principal
Component Analysis is then used to quantify thidat@n by calculating “modes” which
represent different patterns of variability frone thiverage shape. The first mode describes the
largest percentage of variability in the datasgtpived by the second mode, and so on. Each
image is assigned a set of mode scores (one for eade) representing how it varies from

the average shape.



2.3 Statistical analysis

Statistical tests were performed using SPSS ve&lon01 (SPSS, IBM, USA). Significance
level was set aP<0.05. Normality testing was performed using thea@to-Wilk test,

equality of variance using Levene’s Test.

In a per-protocol analysis, subject characteristiealuated as potential risk factors for SCI
bone loss (sex, level of injury, AlIS and age) wiekestigated using Pearson’s correlation (or
its non-parametric equivalent where appropriategsd for association with 12-month BMD
and BMC change. The link between baseline boneesfrapde scores fromb week scans)
and the factors described above were assessedtissig and Pearson’s correlation or their
non-parametric equivalents. Simple and age-adjustétple linear regression were used to
assess how much of the variance in 12-month pexgerthange in BMD was accounted for

by baseline shape and Coheff'sffect sizes calculated.

3 Results
3.1 Subject demographics

The flow chart in Figure 3 describes the study uierent. Fifty-five eligible patients were

identified and 25 were included in the study[34&sBline pQCT scans were available for all
participants at the femur and all but 2 at theatibiPercentage change data for BMD and
BMC from baseline to 12 months were available @participants at the femur and 17 at the

tibia.



55 Patients eligible
_| 6 declined consent (3 females, 3 males)
1 "] 1 female dies within 5 weeks post-injury
b
ch 48 Participants
£ | 22 excluded (6 females, 16 males) due to medical
= { ”| complications or pre-SCI diagnosis of osteoporosis
=]
'5 26 Participants
nq:, _| 1 female subject excluded due to long term
1 " | hormonal therapy
25 Participants
IS » | 2 tibia scans not performed
c due to participant
o discomfort during scanning
(V]
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8 25 Femur 23 Tibia
©
 [a1]
-
(&] _| 6 participants did not attend
(] "| the 12 month pQCT scan.
o
=
b
c
o
E 2 A 4
o 19 Femur 17 Tibia
Figure3

Flowchart showing recruitment and retention of gtpdrticipants.

On average (MeantSD) baseline scans were perfoahdd00 + 0.17 months post-injury
(n=25), and final scans at 12.56 + 0.99 months-pgsty (n=19). There was no significant

difference in age, gender or paraplegic/tetraplegiegory between those who underwent a

12-month scan and those who did r®t@.220-0.675).

The cause of SCI in all 25 participants was trauiffzere were 21 male and 4 female
participants with a median age of 33.0 (Inter-glearange=20.0-50.5) ranging from 16 to 76
years. The level of SCI ranged from cervical 4 umbar 1 spine and participants were
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categorised into paraplegic (n=10) or tetraplegil®) for analysis. The majority (n=19) had
no motor or sensory function (AIS A), the rest (hh&d some sensory but no motor control

below the injury level (AIS B).

3.2 Basdinerisk factors for SCI bone loss

In the femur, there were no significant differenagedone loss (total BMD, trabecular BMD
or BMC percentage change) when comparing sex,yirgtatus (AlS and injury level) (Table

1) and no significant correlations with age> (0.05).

Similarly tibial total BMD, trabecular BMD and BM€hange were not related to sex or AlS.
However, tetraplegics had a significantly small@rmdonth total BMD loss compared with
paraplegics (Table 1). Age was significantly catetl with total BMD =0.66, P=0.004)

trabecular BMD (r=0.70, P=0.002) and BMG-0Q.68,P=0.003) change.

Baseline height and weight data were not availdoke to difficulty in their measurement in
the acute stage after a SCI. Spastic versus flapaidlysis and the administration of
methylprednisolone, were also not associated wAtmbnth BMD or BMC change (data not

shown).



Table 1: Association between baseline characteristics antidith percentage change in BMD and BMC at the feand tibia.

Variable | Group (N) Total BMD % P Trabecular BMD % loss | P BMC % loss P
loss

Femur

Sex Female (4) | -14.5 (12.0) | 0.624 -13.9 (12.6) 0.874 -15.2 (14.3) 0.642
Male (15) -17.9 (12.2) -15.4 (17.2) -18.6 (12.3)

Injury Para (9) -20.8 (9.7) 0.217 -19.2 (14.3) 0.307 -20.3 (-32.3, -13.0) 0.191

Status Tetra (10) | -13.9 (13.2) -11.5 (17.4) -7.8 (-29.6, -6.0)

AIS A (14) -19.3 (11.4) | 0.202 -17.3 (15.2) 0.346 -19.6 (13.2) 0.334
B (5) -11.2 (12.5) -9.1 (18.7) -13.1 (9.2)

Tibia

Sex Female (3) | -28.2 (17.4) | 0.800 -16.9 (-17.6, -4.6) 0.900 -20.9 (7.4) 0.798
Male (14) -25.7 (14.7) -13.9 (-48.5, -7.3) -23.0 (13.7)

Injury Para (8) -33.5(11.4) 0.049 -29.8 (21.1) 0.072 -28.3 (10.8) 0.083

Status Tetra (9) -19.6 (14.7) -12.6 (15.4) -17.7 (12.6)

AIS A (12) -24.9 (-42.3, -| 0.527 -24.1 (22.6) 0.128 -24.2(14.5) 0.450
B (5) 14.7) -12.5 (6.7) -18.9(6.1)

T-tests (presented as mean (standard deviatiori)aon-Whitney tests (presented as median (intetitpiaange) and marked by T) were used as apptepiggnificant

results are indicated in bold. BMD = Bone MineratriBity; BMC = Bone Mineral Content; Para = Paraiple§etra = Tetraplegic; AIS = ASIA Impairment Seor
10



3.3 Femur shape

The first 7 modes were selected for analysis froenfemoral SSM. These described 74.8%
of the total variance, with each mode describingeast 4.2%. The remaining modes were
discarded as, individually, they accounted for aalsrpercentage of variance that was

indistinguishable by eye.

3.3.1 Femur shape and baseline characteristics

Analysis of baseline mode scores showed that mdnsigmificantly higher mode 2 scores
than women (0.24 £+ 0.80 and -0.84 + 0.80 respdytiie=0.028) and mode 5 was both
significantly higher in tetraplegics than paraptsgi(1.03 = 0.94 and -0.46 + 0.51
respectively,P=0.001) and significantly correlated with age@.58, P=0.009). There were

no significant differences in mode scores betwe&d A and AIS B groups for any of the

modes P>0.05).

Tetraplegics were significantly older than parajsgmean age=46.6 + 20.0 and 29.6 + 11.5
years respectivelyPE0.039), which may explain why both tetraplegic afdker subjects had

higher baseline mode 5 scores.

3.3.2 Femur shape and bone loss

Only mode 4 (Figure 4A) correlated with 12-monthige@itage changes in total or trabecular

BMD or BMC (r=-0.53,P=0.019 (Pearson’s correlation), r=-0.51=B.026 and r=-0.48,
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P=0.038 (Spearman’s correlati() respectively i.ethose who lost a higher percentage

BMD and BMC at 12 ranths were more likely to havi higher mode 4 score at basel

onsly bigger

Longer condyles

Figure4

(A) Femur mode 4. Higher mode 4 scores show Ic condyles, a more concave epicond:
fossa and a deeper, sharper and narrower intertzorfdgsa, compared to lower scores.
Tibia mode 3. Higher mode 3 scores show a more asan@osterior tibial fossa and ¢

proportionally bigger anterolaterallyompared to lower scoreSD = Standard Deviatic

Using multiple linear regressi¢, mode 4accounted for 28.5% of variance total BMD
change R?=0.29, P=0.019).Eacl 1SD increase in mode 4 wassociated with loss of an
additional 6.1% total BMO95%CI -11.0, -1.2) constant=-17.9%=D.41. This result wa:
still significant after adjustment for awith 6.4% additional totaBMD loss (95%CI-11.3, -
1.5) per SD increasd{=0.39 constant-26.3%, P=0.014, f=0.64).No othermodes were

significant before oafter adjustment for agP>0.05).

For trabecular BMD change, mode 4 accounted for 28%ariance (IZ:O.26, P=0.026;

Each 1SD increase was associated with a loss aflditional 8.1% trabecular BMD (95%
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-15.1, -1.1) constant=-16.5%3=D.35. This result was still significant after astjment for age
with 8.2% additional BMD loss (95%Cl -14.9, -1.%rpSD increase (#0.37, constant=-

27.8%, P=0.0197£0.59).

3.4 Tibia shape

The first 7 modes accounted for 87.1% of the tedaiance, with each accounting for at least

2.8%. As previously, the remaining modes were dessc

3.4.1 Tibia shape and baseline characteristics

No significant differences were observed in anytttd# mode scores between males and
females , para- and tetraplegic groups or betwd8&nA and B groupsK>0.05) and there
were no correlation between mode scores and Rge.{5). However, when examining all
baseline data (n=23), a significant negative catiah was found between mode 3 and age,

so older subjects were more likely to have a higlden3 scorerE-0.42,P=0.044).

3.4.2 Tibia shape and bone loss

A significant negative correlation was found betweeode 3 (Figure 4B) and percentage
total BMD (r=-0.49,P=0.048) and BMC change=-0.52,P=0.032) there was a borderline
negative correlation between mode 3 and trabe@MNID change (=-0.48,P=0.054). There

was a significant negative correlation between mbded trabecular BMD change (r=-0.55,

P=0.022) whilst BMC change was borderline signific@=-0.48,P=0.053).
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Multiple linear regression found that mode 3 acdedrfor 24% of variability in tibial total
BMD change before adjustment for age’< 0.24) with 7.0% more total BMD loss (95%ClI -
13.9,-0.06) for every 1SD increase (constant=-251396.048, f=0.31) which became non-
significant after adjustment for age’#®.48, with 4.3% more total BMD loss (95%CI -10.7,

2.1%) for each 1SD increase, constant=-4R2=0).169, f:O.92).

Trabecular bone loss was also predicted by moaéhigh accounted for 42% of variance in
trabecular BMD changeR(=0.42, P=0.005). Each 1SD increase in mode 3 was associated
with a loss of an additional 12.6% trabecular BMEIB%CI -20.7, -4.4) constant=-19.1%,
f2=0.72. This result was still significant after astiment for age with 9.4% additional BMD

loss (95%CI -16.9, -1.9) per SD increaB&=0.61, constant=-37.7%:=0.018, f=1.53).

4 Discussion

This study found that bone shape is a repeatable @a&dictor of bone loss after a SCI, even
after adjustment for age, the strongest baseliedigtor (since the young showed a faster rate
of bone loss). The predictive capacity of shape stasnger for trabecular than total bone
loss in both the femur and tibia. In the femur, édangated intercondylar femoral notch
represented by a 1SD higher score for femur-modé <6 weeks corresponded to an extra
8.2% femoral trabecular BMD loss at 12 months pasiy. Similarly, at the tibia, a more
concave posterior tibial fossa and a proportionifyger anterolateral section, represented by
a 1SD higher baseline for tibia-mode 3 corresporideath extra 9.4% loss of tibial trabecular

BMD at 12 months.

14



Visualisation of the modes allows description cf 8hapes most predictive of bone loss. In
the femur, a higher mode 4 (associated with ine@&®ne loss) had longer condyles, a more
concave epicondylar fossa and a deeper, sharpanaanolver intercondylar notch compared
with lower scores (Figure 4A). The tibial shapeoassted with a higher mode 3 score had a
more concave posterior tibial fossa and is propodily bigger anterolaterally (Figure 4B),
compared with the lower mode 3 scores, which wesm@ated with a reduced tibial bone

loss.

In both the femur and the tibia, the most striksitape differences were observed around
muscle and ligament insertion points. These resultsperhaps not unexpected since these
biomechanically active regions are vital for maimitag skeletal tissue through transmission
of loading forces. It is unlikely that the shapetbé femur or tibia would have changed
significantly from when the injury first happened the time of the first scan, however we
cannot be certain of this. The observed differenshape may be congenital and put patients

at a higher risk of bone loss due to the effectsia$cle on bone or vice versa.

Alone, the shape models explained between 24% &84 df the subsequent bone loss.
Including age in the regression increased thistantially (between 37% and 61%), with the
highest percentage in the trabecular bone of thia.tiMost effect sizes were classed as
“large” using Cohen’s definitions [37], with jushe classed as “medium” (<0.35). Whilst it
is always recommended to use descriptors such age, “medium” and “small” with

caution, even by Cohen himself, these findingscatd our models may have clinical, not

just statistical significance.
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There are no published studies that have addrgsselittion of the speed of disuse related
bone loss in SCI, and very few in post-menopausi@aporosis or older men[30-33]. In post-
menopausal and SCI osteoporosis the primary foegsbkeen on predicting fractures. SSM
has been previously used to predict hip fractumrespost-menopausal women using
radiographs or Dual Energy X-ray Absorptiometry @®Xscans of the proximal femur[20-

22]. The present study is the first to use SSM ttadys SCl-induced osteoporosis and

moreover it is the first to use SSM to predict blrss.

Previous studies have made important advances rivmmaderstanding of SCI bone loss by
describing it using DXA, pQCT, as well as blood amthe concentrations of bone turnover
markers[12, 14-17, 38-44]. There is potential fatadfrom both longitudinal and cross-
sectional studies in this field to be assessedafsociation with rate of bone loss. Such

information could add to the predictive abilitytbe findings from the current study.

Since the findings of this study are novel, thee o directly comparable studies. The few
studies that have assessed distal femur or proxibialshape have assessed it in the context
of knee osteoarthritis or clinical studies lookilmgpredict outcome of interventions based on
bone morphology. Interestingly all these studiestedo differences in the femoral
intercondylar notch shape associated with eitheeoasthritis or the success of cruciate
ligament reconstruction, and many proposed thatriay arise due to differences in cruciate
ligament attachment[45-48]. Differences in the €hap the distal femur based on age and

sex have also been reported elsewhere[46].

In the general population, a decrease in BMD igclfy associated with ageing. However in

this study, older participants had a slower ratdoss at the proximal tibia. This may be

16



because they are likely to be less physically aciind may have already suffered from some
generalised loss of muscle strength, and so are asotreliant on this for BMD

maintenance[49].

Key strengths of this study are the longitudinadige, starting as soon as practically possible
after injury, the use of clinically relevant skelesites for the SCI population (femur and
tibia)[34], and the high repeatability of both th@CT measurements,[36] and the shape
models (inter-repeatability for both the femur afda <1 mm). This study is one of the
largest longitudinal studies of acute SCI. There around 100 cases of SCI per year in
Scotland and approximately half of these are mobonplete injuries, which was the focus of

this study.

The patient sample was representative of the S@Ulpton in terms of sex, average age and
age range[50, 51], but there were limitations. aitgh the majority of the eligible patients

admitted to QENSIU gave consent to participate,yr@uld not be scanned at less than five
weeks post injury due to medical complications. SEh@atients were not included in the

study and the participants may therefore have bdwalthier group.

Other than age, the shape models developed isttidy are the first biomarkers of bone loss
identified in the SCI population. They have theguiial to be used as a tool to help identify

at risk SCI patients so that they can be monitoredeated at an early stage.

5 Conclusion

In conclusion bone shape measurement within onaghladninjury is a predictor of SCI bone
loss at the distal femur and the proximal tibiag gear post-injury. This imaging biomarker
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may help in the early detection, treatment and gméun of SCI osteoporosis, with the

potential to reduce the incidence of fracturesthaed associated morbidity.
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Highlights

Links between bone shape and bone loss followingaspcord injury were

explored
Images and BMD were taken from pQCT of the distatdir and proximal tibia

Tibial trabecular BMD loss at 1lyr was predicted d&@yconcave posterior tibial

fossa
An elongated intercondylar femoral notch predidtdoral trabecular BMD loss

Baseline bone shape predicted 12-month bone logsimal cord injury patients

26



