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Objective: To identify T-score values at the total hip (TH) and femoral neck (FN) that correspond to the cutoff
value of <0.60 g/cm2 for heightened risk of fracture at the distal femur (DF) and proximal tibia (PT).
Design: Retrospective analysis of data in a research center’s database.
Setting: Community-based individuals with spinal cord injury (SCI).
Participants: 105 unique individuals with SCI.
Outcome Measurements: DXA derived areal BMD (aBMD) and T-score of the DF, PT, TH, and FN.
Results: The aBMD at the DF and PT regions were predictors of T-scores at the TH (R2 = 0.63, P < 0.001 and
R2 = 0.65, P < 0.001) and FN (R2 = 0.55, P < 0.001 and R2 = 0.58, P < 0.001). Using the DF and PT aBMD of
0.60 g/cm2 as a value below which fractures were more likely to occur, the predicted T-score was −3.1 and
−3.5 at the TH and −2.6 and −2.9 at the FN, respectively. However, when the predicted and observed T-
score values disagree outside the 95% limit of agreement, the predicted T-score values are lower than the
measured T-score values, overestimating the measured values between −2.0 and −4.0 SD.
Conclusion: The DF and PT cutoff value for aBMD of 0.60 g/cm2 was a moderate predictor of T-score values at
the TH and FN, with considerable inaccuracies outside the clinically acceptable limits of agreement. As such,
the direct measurement of knee aBMD in persons with SCI should be performed, whenever possible, prior to
prescribing weight bearing upright activities, such as robotic exoskeletal-assisted walking.
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Background
Persons with spinal cord injury (SCI) undergo immediate
unloading of the skeleton and, as a result, have marked
loss of bone below the level of lesion that predisposes
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them to a greatly increased risk of long-bone fractures of
the lower extremities. This distribution of bone deminera-
lization in individuals with SCI is considerably different
than other models of bone loss because the skeleton
above the level of lesion remains unaffected by the
injury, while pronounced bone loss occurs in the regions
below the level of lesion.1,2 The impact of skeletal unload-
ing is further clarifiedwhen assessing bone loss in individ-
uals with spinal cord lesions that are less neurologically
motor-complete, specifically in those who can participate
in weight-bearing activities and have partial preservation
of voluntary lower extremity muscle contraction; bone
demineralization in these individuals is generally not as
extreme, and these more mobile, upright individuals are
at considerably lower risk to have LE fractures.3,4 In
persons with chronic SCI, the epiphysis and metaphysis
of the distal femur (DF) and proximal tibia (PT) regions
at the knee are the sites most vulnerable to fracture,5–7

with considerably lower fracture prevalence reported at
the proximal hip region.8 Fragility fractures most often
occur after a low velocity fall or minor trauma creating
torsional and compressive forces at the DF and PT;
these types of fracture have been demonstrated to occur
during bending, surface-to-surface transfers, and routine
physical therapy exercises.5–7 The use of dual x-ray
absorptiometry (DXA) to assess changes in areal bone
mineral density (aBMD)has become routine in both clini-
cal practice and research studies due to its general avail-
ability, precise measurements with low levels of
radiation exposure, relatively low cost compared to quan-
titative computed tomography (QCT) and magnetic res-
onance imaging, as well as the existence of reference
data for DXA that has proven efficacy in predicting
future risk of fracture.9 At the current time, CT and per-
ipheral quantitative computed tomography (pQCT)
have provided additional information concerning bone
loss of the trabecular and cortical compartments of the
femur and tibia,10,11 but DXA has been the primary
method used to assess bone loss at the DF and PT in
persons with SCI.12,13 Although several studies have
demonstrated good reliability at quantifying aBMD at
the knee region of interest (ROI) using non-specific soft-
ware adapted from the lumbar spine and forearm,14,15 a
more specific orthopedic knee software package with
algorithms unique to the ratio of bone and soft tissue of
the joint has been used exclusively for research since its
availability,16 with a commercial version becoming avail-
able in 2014 (enCore V.16) as the Orthopaedic Knee soft-
ware;17 Hologic DXA systems do not have knee-specific
software commercially available.
With the advent of robotically powered exoskeletal-

assisted ambulation for persons with SCI, as well as

other advanced rehabilitation medicine interventions
that position the individual in an upright posture and
place increased forces on the lower extremities, the
increased relevance of identifying those individuals
who are at heightened risk of fracture is becoming ever
more apparent. Because there is a paucity of evidence
supporting the aBMD or T-score cut-off to exclude
persons with SCI from rehabilitation interventions,
several studies have incorporated DXA-derived cut-off
criteria using a T-score range between −2.5 to −4.0
SD below the mean of a young-healthy able-bodied
(AB) reference population at the TH or FN.18–23 In
the clinical research environment where imaging is avail-
able to image the knee region, aBMD at the DFor PT in
the range of 0.60–0.70 g/cm2 has been used to exclude
persons with SCI from advanced upright rehabilitation
strategies.18,23–25 The threshold aBMD value of
0.60 g/cm2 at the DF and PT was first described by
Garland et al., below which aBMD value fractures
were observed more likely to occur at these skeletal
sites.26,27 Appreciating that these cut-off values have
not been validated in studies that assessed incident frac-
ture, it is important to note that recent studies have sup-
ported the use of an aBMD cut-off value at the knee of
<0.60 g/cm2.18 Measurement of the TH and FN is rou-
tinely obtained, has excellent reliability, and standar-
dized with well-established reference young normal
(T-score) datasets to account for calibration differences
between DXA manufacturers. As opposed to the use
of T-score criteria at the TH and FN that are used to
diagnose osteoporosis in other populations, the aBMD
values at the DF and PT are the more appropriate
regions to use to identify low aBMD and those with
SCI who are at increased risk of fracture.6,8 However,
aBMD measurements at the DF and PT are not routi-
nely available to the clinician and are rarely obtained
by clinical DXA technicians. If the aBMD at the DF
and PT and T-score at the TH and FN have a proven
strong association, then calculation of the optimum T-
score cutoff values at the TH and FN that correspond
to commonly used aBMD cutoff values at the DF and
PT where fracture most commonly occurs could be
identified and utilized. The purpose of this report was
to characterize the T-score values at the TH and FN
that best represent the DF or PT aBMD cutoff value
(<0.60 g/cm2) commonly used to identify persons
with SCI at the greatest risk of fracture.

Methods
A retrospective analysis of DXAmeasurements that were
previously collected as part of separate prospective inves-
tigations in our clinical research units at the James
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J. Peters VA Medical Center (JJP VAMC) and the
Kessler Institute for Rehabilitation (KIR) was per-
formed. This retrospective analysis was approved by
the institutional review boards at both the JJP VAMC
and KIR. The prior investigations from which these
DXA scans were obtained for this analysis had
uniform inclusion/exclusion criteria and all participants
provided written informed consent. At the time of
informed consent during the original trial, participants
were informed that their DXA data could be used in
future cross-sectional exploratory analyses to explore
bone health after SCI, and participants had the right
to permit or restrict their data to be used in this
manner. To ensure institutional regulatory compliance,
additional IRB approval from the respective institutions
was obtained to extract demographic and DXA data
from de-identified and de-coded databases to perform
the retrospective review and to analyze the data. Much
of the relevant demographic information for skeletal par-
ameters, such as physical activity, smoking, alcohol con-
sumption, calcium intake, vitamin D levels, presence of
spasticity, and fracture history, was not available for
analysis. The prior studies, from which data were ana-
lyzed for this work, were conducted in accordance with
the Declaration of Helsinki.

Participants
A retrospective data mining review was obtained on 105
unique individuals with SCI whose data were housed in
our research center DXA database. In the primary
studies, the inclusion criteria were male and female par-
ticipants with traumatic SCI who were non-ambulatory
(wheelchair reliant 100% of the time) and all participants
were between the ages of 18 and 65 years. In those with
SCI, the neurological level of injury was between cervical
level-5 (C5) and lumbar level-2 (L2), and the International
Standards forNeurological Classification of Spinal Cord
Injury (ISNCSCI) grade was A, B, or C (28). Exclusion
criteria for participants with SCI were the presence of
severe spasticity and contracture that would interfere
with acquiring an acceptable DXA scan of the hip and
knee regions, decubitus pressure ulcer(s), current use of
bisphosphonates or other medications known to affect
bone metabolism, history of alcohol and drug abuse,
chronic glucocorticoid use, hormone replacement
therapy, current treatment for acute medical condition,
bilateral knee and/or hip replacement, metal hardware
in both lower extremities, history of heterotopic ossifica-
tion at the hip andknee, historyof cardiovascular disease,
and a history of diseases known to affect bone metab-
olism (e.g. ankylosing spondylitis, rheumatoid arthritis,

Paget’s disease, hyperparathyroidism, diabetes mellitus,
and/or cancer).

DXA: knee and hip aBMD
The aBMD values and reference scores were obtained by
DXA (GE Lunar iDXA, all software versions 16.0;
enCORE,GEMedical Systems,Madison,WI). Tomini-
mize inter-rater variability, two International Society for
Clinical Densitometry (ISCD) certified technicians with
more than 15 years of experience performing DXA
imaging in persons with SCI performed the acquisition
and analysis of all DXA scans in the original studies.
As part of quality assurance procedures in our unit, a
spine phantom (i.e. aluminum spine L1-L4 encased in
acrylic) was scanned >300 times over a 5-year period
and the coefficient of variation was found to be <1%
(CV = 0.54 ± .006). Appreciating there were no signifi-
cant differences between the right and left sides for each
ROI, the values for aBMD of the sides were averaged.
For acquisition of the DF and PT aBMD, and their use
in the subsequent computation of T-scores, DXA scans
were acquired with the use of a Food and Drug
Administration (FDA)-approved orthopedic knee soft-
ware program with a custom ROI, as previously
described.28 To obtain accurate assessment of aBMD at
the DF and PT metaphysis, this method was employed
to avoid overlap with the patella and fibula and has
been shown to have a high reliability between multiple
raters with intra-class correlation coefficient values of
0.98 for the DF and 0.89 for the PT.28 The FN and TH
aBMD was obtained using the standard proximal
femur software provided by the manufacturer and, as
per convention, the young-normal T-score [Caucasian
(non-race adjusted) female normative database] for the
TH and FNwere obtained using the combined manufac-
turer and third National Health and Nutrition
Examination Survey (NHANES III/GE Lunar) refer-
ence database provided with the manufacturer’s software
to diagnose osteoporosis (T-scores < −2.5 SD). The
investigators appreciate that premenopausal woman
and men under the age of 50 years are recommended to
be compared to age-matched cohorts using Z-scores.
However, because the investigators are attempting to
identify persons with SCI who are at heightened risk of
fracture, and persons with SCI represent a unique popu-
lation sample, hip T-scores < 2.5 SD, values which have
been defined to identify persons with osteoporosis, were
applied in the analyses rather than Z-scores.

Statistical analysis
Results are expressed as group mean ± standard devi-
ation (SD). Independent sample t-tests were performed

Cirnigliaro et al. Relationships between the hip and knee in SCI

The Journal of Spinal Cord Medicine 2020 VOL. 43 NO. 5 687



to determine the difference in aBMD and T-score values
between the hip and knee regions and the confounding
effect of demographic variables on aBMD and T-score
variables presented. To determine the relationship
between the hip and knee regions, simple linear
regression models were used to determine the associ-
ations between the DF and PT aBMD and T-scores at
the TH and FN. The direction of this relationship was
intentional to focus on the clinically relevant aBMD
that has been identified at the DF and PT (0.60 g/
cm2) and the well appreciated fact that T-score at the
TH and FN is the commonly performed and clinically
relevant measurement used by physicians to diagnose
osteoporosis. The linear relationship was established
by visual inspection of scatterplots with a superimposed
regression line and normal distribution of residuals was
established by visual inspection of probability plots.
Homoscedasticity was evaluated by visual inspection
of standardized residuals versus standardized predicted
values plot and tested using the Breusch–Pagan test.
To determine agreement between the predicted and
measured T-score values at the TH and FN, a Bland–
Altman analysis was completed with the proportion of
the sample likely to be accurately predicted calculated.
Multiple regression analysis was also used to determine
the effect of other predictors (weight, BMI, age, level of
lesion, motor completeness, and sex) of aBMD at the
TH and FN. Applying the commonly used aBMD
cutoff value at the DF or PT (<0.60 g/cm2) to dichoto-
mize participants with low bone mass at heightened risk
of fracture at the knee, a receiver operating characteristic
(ROC) curve was used to identify the optimum T-score
cutoff at the TH and FN (i.e. maximum sensitivity and
specificity) using Youden Index [YI; intersecting point
or “turn” along the curve that provides the best
balance between sensitivity and specificity]. The AUC,
sensitivity, and specificity were interpolated for the TH
and FN T-score cutoff value from the coordinates of
the curve of the YI and then compared to the sensitivity
and specificity of the World Health Organization
(WHO) criteria to diagnose osteoporosis (−2.5 SD
from the reference mean). Additional sensitivity and
specificity analysis was determined for the TH and FN
cutoff values of <−3.5 SD (a value that has been
used as an exclusion criterion for entry into exoskele-
tal-assisted walking (EAW) protocols), <−2.5 SD
(WHO criterion to diagnose osteoporosis), and <−3.1
SD (obtained from ROC curve T-scoreYI and linear
regression predicting T-score at the TH from the DF)
using the aBMD cutoff value at the DF or PT
(<0.60 g/cm2) as the reference standard and the
number of false negative and false positive cases

presented. Statistical analyses were completed using
IBM SPSS Statistics version 22, IBM, Armonk, NY
and graphs were generated by Prism GraphPad,
version 6.0 for Windows, GraphPad Software, San
Diego, CA. An a priori level of significance was set at
p ≤ 0.05.

Results
Demographic and other descriptive characteristics for
the study groups are provided (Table 1). A significantly
higher aBMD was observed at the PT compared to the
DF, TH, and FN regions (t = 12.4, t = 19.9, and t =
12.6, respectively, P < 0.001), as well as a significantly
lower T-score at the TH compared to the FN (t
= −5.3, P < 0.01). All continuous aBMD and T-score
variables were tested for possible demographic confoun-
ders of bone loss. There were no significant differences
in aBMD and reference scores when stratifying groups
by weight, BMI, age, level of lesion, motor complete-
ness, and sex.
To determine the ability of the DFand PT to predict T-

scores at the TH and FN, linear regression analysis was
performed.The aBMDat theDFandPTregionswere sig-
nificant predictors of T-score at the TH (R2 = 0.63, P <
0.001 and R2 = 0.65, P < 0.001, respectively) and FN
(R2 = 0.55,P < 0.001 andR2 = 0.58,P < 0.001, respect-
ively). Additional analysis of the regression coefficients

Table 1 Demographic and densitometry characteristics of
study participants.

SCI
(n = 105) Range

Age (y) 40.1 ± 11.9 20 to 65
Height (cm) 175.2 ± 9.2 152.4 to195.6
Weight (kg) 69.4 ± 21.2 25.7 to 141.4
BMI (kg/m2) 22.6 ± 6.5 8 to 43
Sex (m/f) 82/23 –

TSI (y) 9.3 ± 10.5 0.1 to 43
Para/Tetra (n) 68/37 –

ISNCSCI (A/B/C) 46/28/31 –

Motor Complete (y/n) 73/32 –

aBMD (g/cm2)
Distal Femur 0.852 ± 0.212a 0.483 to 1.475
Proximal Tibia 1.019 ± 0.293 0.541 to 1.849
Total Hip 0.825 ± 0.207a 0.379 to 1.429
Femoral Neck 0.860 ± 0.189a 0.475 to 1.443

T-score (SD)
Total Hip −1.55 ± 1.67b −5.00 to 3.30
Femoral Neck −1.37 ± 1.40 −4.15 to 2.90

Continuous variables are expressed as group mean ± SD.
n, number of participants; y, years; cm, centimeters; kg,
kilograms; m2= meters squared; BMI, body mass index; TSI, time
since injury; para, paraplegia; tetra, tetraplegia; ISNCSCI,
International Standards for Neurological Classification of Spinal
Cord Injury; T-score, SD difference from young, healthy adults.
ap < 0.001 vs. proximal tibia aBMD.
bp < 0.01 vs. femoral neck T-score.
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revealed that for a 0.1 g/cm2 change in aBMD at the DF
and PT there was a 0.63 and 0.46 change in T-score at the
TH, respectively, (Fig. 1 A and B) and a 0.49 and 0.36
change in T-score at the FN, respectively, (Fig. 1 C and
D). Furthermore, using the DF and PT aBMD value of
0.60 g/cm2 to designate heightened risk of fracture, the
predicted T-score was −3.1 and −3.5 at the TH, respect-
ively, (Fig. 1 A and B) and −2.6 and −2.9 at the FN,
respectively (Fig. 1 C and D). An additional multivariate
regression model was performed to account for other
factors that may contribute to predicting aBMD at the
DF and PT, but no significant contributions were found
for the additional covariates of age, BMI, level of lesion,
motor completeness, and sex into the model (data not
presented).
The Bland–Altman analysis was used to examine

agreement between predicted and measured values
based on the linear regression equations obtained. A
small mean difference (bias) between the predicted and
measured values was observed for all regions (<0.1
SD). Analysis of the 95% CI limit of agreement (LOA)

using the DF and PT to predict T-scores ranged from
−1.991 to 1.990 and −1.938 to 1.939 at the TH, respect-
ively, (Fig. 2 A and B, light dashed lines) and −1.825 to
1.827 and −1.770 to 1.770 at the FN, respectively (Fig. 2
C andD, light dashed lines). For TH and FN regions, the
regression estimates from the DF and PT predicted
between 93 and 94% of the total sample of T-scores
(Fig. 2 A-D). A second clinically relevant LOA
(LOAclin) was set at the acceptable threshold (±1 SD)
with the DF and PT accurately predicting 75% and 71%
of TH T-score values, respectively, and 76% of FN T-
score values, respectively (Fig. 2 A-D). Despite the
overall good levels of agreement between the difference
and measured values, when the predicted and observed
T-score values are outside the 95% limit of agreement,
the predicted T-score values are lower than the measured
T-score values, overestimating the measured values
between −2.0 and −4.0 SD, evidence that measures at
the hip and knee region should be obtained separately
in populations with a high prevalence of osteoporosis
that are at increased risk for fracture.

Figure 1 Scatter plots of total hip (TH) T-score regressed against (A) distal femur (DF) [TH T-score (SD) = 6.257 X DF aBMD (g/
cm2)−6.878, slope 95% CI: 5.320−7.194, R2 = 0.63, SE = 0.472, P < 0.0001] and (B) proximal tibia (PT) [TH T-score (SD) = 4.596 X PT
aBMD (g/cm2) - 6.234, slope 95% CI: 3.936−5.256, R2 = 0.65, SE = 0.333, P < 0.0001]. A similar relationship was observed when
regressing the femoral neck (FN) T-score against the (C) DF [FN T-score (SD) = 4.902 X DF aBMD (g/cm2) - 5.542, slope 95% CI:
4.042–5.762, R2 = 0.55, SE = 0.434, P < 0.0001] and (D) PT [FN T-score (SD) = 3.635 X PT aBMD (g/cm2) - 5.073, slope 95% CI:
3.032−4.237, R2 = 0.58, SE = 0.0.304, P < 0.0001]. Diamonds indicate DF and circles indicate PT. Solid line = line of identity. Thin
dashed line = 95% CI. Thick dashed line = zero T-score.
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Using the aBMD cutoff value at the DF or
PT (<0.60 g/cm2) to diagnosis participants with high
fracture risk (HFR) and lower fracture risk (LFR), a
receiver operating characteristic (ROC) curve was used
to identify the sensitivity and specificity of the T-score
at the point of the YI (T-scoreYI). The sensitivity and
specificity along the curve was also identified for the
WHOT-score cutoff (T-scoreWHO) of −2.5 used to diag-
nose osteoporosis at the hip. From a ROC curve, T-score
of −3.1 (AUC = 0.95, SE = 0.021, 95% CI =
0.911−0.995, P < 0.001) was identified at the TH and
−2.4 (AUC = 0.92, SE = 0.027, 95% CI =
0.868−0.974, P < 0.001) at the FN. Furthermore,
interpolation of the TH T-scoreYI and T-scoreWHO

along the curve revealed a sensitivity and specificity of
81% and 92% and 94 and 80%, respectively. At the FN,
T-scoreYI and T-scoreWHO had a sensitivity and speci-
ficity of 69 and 86% and 69 and 90%, respectively
(Table 2). By interpretation of the AUC in the ROC
curve, the T-score cutoff value at the TH and FN can
be used to diagnose osteoporosis 95 and 92% of the

time, with the best balance between sensitivity and speci-
ficity demonstrated at the TH.
Using the TH or FN T-score criterion of −3.5 SD,

and using the cutoff criteria at the DF or PT (<0.60
g/cm2), both exclusion criteria that would prevent par-
ticipation in EAW protocols, 89 (85%) of the partici-
pants reached or exceeded eligibility by either the TH/
FN or DF/PT cutoff criteria, 5 (6%) did not meet eligi-
bility by both the TH/FN or DF/PT cutoff criteria, 3
(3%) did not meet the eligibility cutoff criteria at the
DF or PT but reached or exceeded the cutoff criteria
at the TH or FN, and 10 (10%) did not meet the eligi-
bility cutoff criteria at the TH or FN but reached or
exceeded the eligibility criteria at the DF or PT; thus
using a T-score criterion at the hip of −3.5, the sensi-
tivity and specificity was 33% and 97%, respectively
(Table 3). Applying the TH or FN T-scoreWHO criterion
(−2.5 SD) and the cutoff value at the DF or PT to this
dataset, 68 (65%) participants reached or exceeded eligi-
bility by either the TH/FN or DF/PT cutoff criteria, 17
(16%) did not meet eligibility by both the TH/FN or

Figure 2 Bland-Altman agreement analysis: The differences betweenmeasured and predicted T-score values were plotted against
measured T-score values at the TH and FN. Prediction of T-score at the total hip and femoral neck using the DF (A and B) and PT (C
and D). Solid line =mean difference. Light dashed line = 95% limit of agreement (LOA95%, mean difference ± 2SD). Thick dashed
line = clinical limit of agreement (LOAclin).
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DF/PT cutoff criteria, 20 (19%) did not meet the eligi-
bility criteria at the DF or PT but reached or exceeded
the cutoff criteria at the TH or FN. There were no par-
ticipants who reached the eligibility criteria at the DF or
PT and did not meet the eligibility cutoff criteria at
the TH or FN. Thus, using a T-score criterion at the
hip of −2.5, the sensitivity and specificity was 100%
and 77%, respectively (Table 3). Finally, applying the
TH or FN T-score criterion of −3.1 SD (obtained
from ROC curve T-scoreYI and linear regression analy-
sis at the TH from the previous analysis), and using the
same cutoff criteria at the DF or PT, 82 (78%) partici-
pants reached or exceeded eligibility by either the TH/
FN or DF/PT cutoff criteria, 13 (12%) did not meet eli-
gibility by both the TH/FN or DF/PT cutoff criteria, 6
(6%) did not meet the eligibility cutoff criteria at the DF
or PT but reached or exceeded the cutoff criteria at the
TH or FN, and 4 (4%) did not meet the eligibility cutoff
criteria at the TH or FN but reached or exceeded the

eligibility criteria at the DF or PT; thus using a T-
score criterion at the hip of −3.1, the sensitivity and
specificity was 76% and 93%, respectively (Table 3).

Discussion
With the increasing availability of sophisticated rehabi-
litation modalities for upright posture and ambulation
for use in persons with SCI, there is an increased impor-
tance to identify candidates who may be at increased
risk of fracture if prescribed these activities.
Recommendations are needed to identify appropriate
candidates for these interventions because bone deterio-
rates dramatically below the level of the lesion and fra-
gility fractures of the long bones of the lower
extremities occur with increased frequency with longer
duration of SCI. Several clinical investigations have
been applying fracture threshold values from cross-sec-
tional studies that identified the BMD in small
samples of persons with chronic SCI who sustained fra-
gility fractures. These cutoff values to identify the frac-
ture threshold vary considerably, with fractures
occurring, not infrequently, above and not below the
reported mean aBMD (DF and PT) and T-scores (TH
and FN) by non-evidence based cutoff values. The
Department of Veterans Affairs Cooperative Studies
Program (NCT02658656) has an ongoing nationwide
clinical trial that has the following skeletal exclusion cri-
teria: (1) lower extremity fracture within the past 2 years,
(2) DFor PT aBMD <0.6 gm/cm2, and (3) TH and FN
T-score <−3.5 SD. The exclusion criterion for BMD at
the knee in this multicenter study was based largely on
work by Garland et al. in which fractures of the lower
extremities were observed to occur more frequently
when the BMD at the knee was below a value of
0.6 gm/cm2.27,29 The exclusion criterion for the cutoff
value for T-score at hip was determined using a
weighted ranking method that enables a group to gener-
ate and prioritize a large number of issues giving all
parties an equal voice from a consensus of experts (i.e.
nominal group method) as to what the predicted hip
T-score value would be when the cutoff value at the
knee was <0.6 gm/cm2

Table 2 Receiver operating characteristic curve to determine sensitivity and specificity for femoral neck and total hip cut-off values
categorized by an aBMD cut-off value of <0.60 g/cm2 at the DF or PT.

Sensitivity (%) Specificity (%)

Region AUC Std. Error P-value 95% CI Lower 95% CI Upper T-scoreWHO T-scoreYI T-scoreWHO T-scoreYI

TH 0.95 0.021 <0.0001 0.911 0.995 94 81 80 92
FN 0.92 0.027 <0.0001 0.868 0.974 69 69 90 86

DF, distal femur; PT, proximal tibia; TH, total hip; FN, femoral neck; AUC, area under the curve; ROC: receiver operating characteristic;
CI: confidence interval; T-scoreWHO: World Health Organization T-score criteria of −2.5 SD below the young adult reference mean used
to diagnose osteoporosis; T-scoreYI, Youden Index T-score cutoff of −3.1 SD at the TH and −2.4 SD at the FN.

Table 3 Sensitivity and specificity for fracture risk at the DF
and PT using different FN or TH T-score values in participants
with SCI.

DF/PT aBMD (≤ 0.60g/cm2)

FN/TH
T-score
cutoffs

HFR LFR Sensitivity Specificity

<−3.5 SD HFR 5 3 33% 97%
LFR 10 89

HFR LFR Sensitivity Specificity

<−2.5 SD HFR 17 20 100% 77%
LFR 0 68

HFR LFR Sensitivity Specificity

<−3.1 SD HFR 13 6 76% 93%
LFR 4 82

FN and TH cutoff values: <−3.5 SD (a value that has been used
as an exclusion criterion for entry into EAW protocols), <−2.5 SD
(WHO criteria to diagnose osteoporosis), and <−3.1 SD (a value
obtained from the ROC curve T-scoreYI and linear regression T-
score predicted at the TH from the DF); DF/PT cutoff value used
was <0.60 g/cm2.
HFR, high fracture risk; LFR, lower fracture risk; DF, distal femur;
PT, proximal tibia; TH, total hip; FN, femoral neck; SD, standard
deviation; ROC, receiver operating characteristic; T-scoreYI,
Youden Index T-score cutoff of −3.1 SD.
Sensitivity = True-Positive/(True-Positive + False-Negative)
Specificity = True-Negative/(False-Positive+ True-Negative)
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This report developed regression equations to predict
T-scores at the TH and FN regions from aBMD values
at the DF and PT and provide statistics with diagnostic
accuracy from this relationship. When using the cutoff
value at the knee of <0.6 gm/cm2, as described by
Garland et al., 27,29 as the independent predictor of
risk of fracture, the question arises as to whether the
T-score values at the hip are different than the WHO cri-
teria to diagnose osteoporosis, defined as a T-score of <
−2.5 SD below the mean. Because fractures of the leg
have been reported to occur more frequently below a
BMD value at the knee of 0.6 gm/cm2, this value for
BMD at the DF and PT was found to be equivalent to
T-scores at the TH of −3.1 and −3.5 and T-scores at
the FN of −2.6 and −2.9, respectively. Despite the
moderate strength of our prediction equations, which
have been demonstrated to account for between 50
and 60% of the variance in TH and FN T-score
values, our model still reveals considerable inaccuracies
when comparing the proportion of predicted values
outside the clinically acceptable limits of agreement
(±1 SD). In addition to the linear modeling, utilizing
the same aBMD cutoff value of < 0.60 g/cm2 at the
DF or PT to differentiate participants with increased
risk of fracture ROC regression was also performed.
Extrapolating the intersecting point along the curve
that provides the best balance between sensitivity and
specificity, a T-score cutoff of −3.1 SD at the TH and
−2.4 at the FN could diagnosis osteoporosis at the
knee region 95 and 92% of the time. Utilizing different
aBMD values at the DF and PT in a more recent study
that documented aBMD and prevalent fracture, Lala
et al.15 found considerably lower BMD values at the
DF (0.454 g/cm2) and PT (0.371 g/cm2), demonstrating
the variability in defining a fracture threshold among
studies. Applying the lower mean aBMD values at the
DF and PT epiphysis reported by Lala et al. to the
equations generated in this report yielded T-score
values at the TH of −4.0 and −4.5, respectively, and a
T-scores at the FN of −3.3 and −3.7, respectively. Our
work provides empirical data, and thus clarifies what
BMD values at the DF and PT relate to T-score values
at the TH and FN. Overall, these findings strongly
support the need to diagnose osteoporosis and fracture
risk by acquiring aBMD of the DF and PT in persons
with SCI. Furthermore, while the cutoff values at the
knee of <0.6 gm/cm2 are the best cutoff values for frac-
ture available at this time, normative reference data at the
DF and PT (T-scores) that control for differences in
aBMD calculations between densitometer manufac-
turers would allow clinicians to more accurately diagno-
sis osteoporosis in persons with SCI.

Having predicted T-score values at the hip from
aBMD at the knee, the reverse may then be performed:
the ability to predict aBMD values at the knee from
T-scores at the hip. The approach used in this study
has clinical relevance because the ability to acquire
aBMD at the knee is not currently available in most
clinical settings. If healthcare professionals had the
ability to directly measure aBMD at the knee and
exclude patients with SCI who have a heightened risk
of fracture from participating in upright ambulatory
activities, then this exercise would be unnecessary.
However, for clinicians who do not have the resources
to capture aBMD of the DF and PT because of the una-
vailability of knee software, adequate technician knowl-
edge and experience, and/or the absence of third party
reimbursement, identification of a TH or FN T-score
value that can be used as a surrogate marker to identify
individuals with SCI at the greatest risk of fracture at the
DF or PT has clinical utility. A lower sensitivity was
observed at the FN, compared to the TH for both the
T-scoreWHO and T-scoreYI criteria (See Table 2).
Comparing the sensitivity and specificity between the
T-scoreWHO (−2.5 SD), the T-score commonly used to
exclude participants from EAW protocols (−3.5 SD),
and the T-score value identified from the regression
and diagnostic accuracy techniques (−3.1 SD), the
best balance between sensitivity and specificity was
demonstrated at a T-score cutoff of −3.1 SD (See
Table 3). Using a T-score cutoff of −2.5 SD at the
TH/FN, the number of SCI individuals diagnosed as
having a high fracture risk at the DF/PT (true positive
cases, n = 17), is at the expense of a considerable
number of SCI individuals misdiagnosed as having a
high fracture risk [HFR, FP cases (n = 20)], a cutoff
value that could result in a considerable number of
SCI participants denied entry into upright ambulatory
EAW. Conversely, a diagnostic scenario of greater clini-
cal impact can be observed using the T-score cutoff
−3.5 SD at the TH/FN. Using this cutoff value, a con-
siderable number of SCI participants with HFR at the
TH/FN, would be misdiagnosed as having a lower frac-
ture risk [LFR, FN cases (n = 10)] at the DF/PT, and
would be allowed entry into upright ambulatory EAW.
This evidence presented suggests that the use of a T-
score of −3.1 SD for TH, a cutoff value predicted at
the TH from regression and diagnostic accuracy analysis
in the study cohort presented, would yield the greatest
balance in maximizing entry into advanced upright
rehabilitation therapy who have a LFR, while restricting
the majority of participants who have a HFR, when
direct measurement of aBMD at the DF and PT is not
possible. However, each physician must weigh the
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potential risks and benefits of a more conservative or
more liberal cutoff value for the TH T-score for the par-
ticular patient being offered the upright rehabilitation
therapy.
In the current study, the protocol by Shields et al.28

was employed to avoid overlap with the fibula and
patella but resulted in capturing aBMD of the DF and
PTepiphysis and a portion of the metaphysis, which rep-
resents a combination trabecular and cortical compart-
ments. This knee acquisition protocol28 used a cross
sectional region that may have yielded a substantially
different aBMD at the DF and PT compared to proto-
cols employed by Lala et al.15 and McPherson et al.30

These investigators captured aBMD at the DF and PT
epiphysis, metaphysis, and diaphysis, with the latter
study validating the epiphysis region against volumetric
BMD (vBMD) by quantitative computed tomography
(QCT) scan. While DXA-derived measures of aBMD
loss are a combination of trabecular loss and thinning
of the endocortical envelope, QCT and pQCT-derived
measures of vBMD can delineate between loss at the tra-
becular and/or cortical bone compartments. In a study
by Eser et al.,31 trabecular vBMD by pQCTof the femur
and tibia distal epiphyses was effective in identifying
subjects with a history of fracture; subjects with a
history of fracture had trabecular BMD values that
were <114 mg/cm3 and <72 mg/cm3 for the DF and
PT, respectively. The aforementioned studies by
Garland et al. 27,29 and Eser et al.31 have provided gui-
dance on prevalent fracture and cutoff values by DXA
and pQCT in the SCI population but, to date, no pro-
spective cohort studies in persons with SCI have been
performed that have acquired BMD of the DF and PT
at or in temporal proximity to the occurrence of the
fracture.
There are several limitations of this investigation.

Information describing the level of physical activity,
smoking history, alcohol consumption, fracture
history, spasticity, vitamin D concentrations, calcium
intake, and medication history was not available to
determine the potential effect of these previously
reported determinants of skeletal integrity. By study
design, the use of DXA methodology did not permit
measurement of trabecular and cortical vBMD of the
hip and knee regions. If the distribution of trabecular
and cortical bone at the hip and knee regions had
been acquired, such information may have permitted
greater insight into relationships between the DF and
PT and the FN and TH regions, with the prediction of
trabecular and cortical compartments from one region
possibly able to be predicted from the other region.
The absence of standardized protocols to acquire

aBMD at the distal femur and proximal tibia is a
major source of the variability between values reported
by investigators. In addition to the standardized proto-
cols to capture and analyze aBMD at the DF and PT,
programs should be standardized among the various
manufacturers to permit the acquisition of these
regions of interest to be compared across studies and
between clinical imaging facilities. Because validated
software programs have not been commercially offered
by DXA manufacturers, the majority of clinical investi-
gation in SCI to date have relied on the adaptation of
software applications of the forearm and lumbar spine
to measure aBMD of the knee region.15,30 However,
the orthopedic knee software used in this study, as well
as other clinical trials reported by our group,16 was
approved in 2014 by the FDA to monitor aBMD.
This knee software package is now commercially avail-
able and should be used when available at an imaging
facility to acquire the knee in persons with SCI. In
addition, acquiring an aBMD of young-normal
persons that comprises an adequately powered reference
dataset to calculate T-scores at the DF and PT is
required to diagnose osteoporosis at the knee in
persons with chronic SCI or in any other population
sample. Finally, T-scores at the knee should be related
in prospective cohort studies to the occurrence of sub-
sequent fractures of the long-bones of the lower extre-
mity, or, as a less acceptable alternative, DXA
measurements should be obtained at the knee as soon
as possible after a fracture of the leg occurs in persons
with SCI.

Conclusion
The findings from this analysis advance our understand-
ing of the relationships between the T-score values at the
hip and aBMD values at the knee in persons with SCI.
Despite the ability to predict T-scores at the TH and
FN from aBMD values at the DFand PTusing statistical
constructs, there still exists a degree of uncertainty for a
given individual to be able to predict knee aBMD
values, especially. As such, the direct measurement of
knee aBMD in persons with SCI should be performed,
whenever possible, prior to prescribing vigorous upright
activities, such as treadmill gait or robotic exoskeletal-
assist ambulation, because of the heightened risk of pre-
cipitating fractures of long-bones of the lower extremity
when additional stresses are placed upon regions of the
skeleton that are vulnerable to structural failure.
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