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1 | INTRODUCTION

Sagittal spine curvature varies greatly among healthy adults. Thoracic

kyphosis in adults without spinal disease (measured from T4-T12)

Brett T. Allaire® |

Dennis E. Anderson?®?

Abstract

Thoracic kyphosis varies among healthy adults and typically increases with age. Exces-
sive kyphosis (hyperkyphosis) is associated with negative health. Spinal alignment also
affects spine loading, with implications for conditions such as vertebral fractures and
back pain. Valid measurements of kyphosis are necessary for clinical and research
assessment of age-related posture changes, and to support improved biomechanical
understating of spine conditions. Independent validation of non-radiographic tech-
nigues, however, remains limited. The goal of this study was to compare standing radio-
graphic kyphosis measurements with non-radiographic measurements and predictions
of thoracic kyphosis using flexicurve and motion analysis markers, in order to determine
their validity. Thirteen non-radiographic measures of thoracic kyphosis were obtained in
each of 40 adult subjects who also underwent standing radiographs of the thoracic
spine. Measures included estimates derived by fitting of polynomials or circles to the
non-radiographic data, as well as predictions calculated using previously published
methods. Intra-class correlations (ICC) and root-mean square errors (RMSEs) were calcu-
lated between radiographic and non-radiographic measures to determine validity. Most
non-radiographic estimates of kyphosis show similar, weak to moderate levels of validity
when compared to radiographic measurements, and RMSEs ranging from 8.0° to 20.8°.
Unbiased estimates of radiographic measurements with moderate to good ICCs were
identified, however, based on marker measurements, and new prediction equations
were created with similar validity that also account for age and body habitus. Clinical
significance: These non-radiographic measurements of thoracic kyphosis can be applied

to clinical practice or to clinical studies with recognition of specific limitations.
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averages 44 + 11°, suggesting a range from 19° to 63° across 95% of
the normal adult population.r Thoracic kyphosis typically increases
over time in older adults,> sometimes leading to hyperkyphosis or

excessive forward curvature of the thoracic spine. Factors associated
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with larger kyphosis angles include vertebral fractures and disc
degeneration,? smaller and lower-density trunk muscles,® and genetic
predisposition.* Hyperkyphosis is associated with a number of nega-
tive health outcomes including physical functional limitations,’
impaired respiratory function,® increased risk of injurious falls,” and
greater mortality.2 Moreover, spine loading is an important factor in
understanding the etiology of conditions such as vertebral fractures’
and low back pain.1®*! Musculoskeletal modeling studies have shown
that loading of the spine is sensitive to spine curvature,*? and greater
thoracic kyphosis significantly increases loading of the spine.*®*
Thus, valid measurements of thoracic kyphosis are necessary for clini-
cal and research assessment of age-related changes in posture, and to
support improved biomechanical understanding of spine conditions.
There are numerous radiographic and non-radiographic techniques
for measuring thoracic kyphosis. The current standard is the
radiographic-modified Cobb angle, which uses a lateral radiograph of
the spine and measures the angle between two vertebral endplates, fre-
quently T4 and T12.1° An alternative radiographic measure is the verte-
bral centroid angle, which is reported to have greater consistency of
measurement than the Cobb angle.?® Radiographic measurements of
kyphosis are often used clinically, and in research, but there are signifi-
cant barriers to obtaining these measures, including cost and radiation
exposure.r”*® With this in mind, physicians and researchers have cre-
ated alternative non-radiographic techniques for measuring kyphosis
that rely on skin-surface curvature, as measured with a flexicurve

1920 or motion analysis markers.?! Several studies have created

ruler
techniques that could be used to predict radiographic kyphosis angles
based on non-radiographic measures. Greendale et al?? calibrated the
flexicurve kyphosis angle to the radiographic Cobb angle, while

|23

Furlanetto et al® calibrated skin-surface curvature to the centroid

[** established methods to predict the location of inter-

angle. Nerot et a
vertebral joint centers from motion-analysis marker data. These joint
centers can be used to calculate a kyphosis angle.

The validation of non-radiographic techniques for kyphosis mea-
surement remains limited. Previous studies have separately compared
flexicurve-based measurements to the Cobb angle and reported simi-
lar repeatability and reproducibility for both measurements?22°-27,
however, the majority of these studies examined limited age ranges
(either young or elderly subjects) and thus may not fully represent
possible kyphosis ranges. Furthermore, only a few studies have exam-
ined marker-based spinal curvature validity against curvature from

2128 and no study has previously validated the kyphosis

spine imaging,
angles produced by published prediction methods against radiographic
measurements in independent datasets.

A fast, non-invasive, and inexpensive technique to assess tho-
racic kyphosis would be valuable to researchers studying posture,
aging, and spine conditions, as well as those seeking to create mus-
culoskeletal models incorporating subject-specific spine curvature.
Thus, the primary aim of this study was to examine the validity of
flexicurve and motion-capture marker based measures of kyphosis
angles, including those generated by previously published prediction
methods, compared against radiographic measures. The secondary

aim was to examine whether validity might vary between age groups

(young and older) and with body habitus (normal and overweight) in
order to gain better insight into the validity and applicability of these
techniques. Finally, new prediction methods were created to predict
radiographic measures based on marker or flexicurve measures, plus
age, and body habitus.

2 | MATERIALS AND METHODS

2.1 | Participants

Forty-one adult volunteers were recruited to participate in this
study, in younger (ages 18-40) and older (ages 65+) age groups. All
participants were able to perform activities, such as walking, stand-
ing, sitting, bending, or lifting, without assistance and reported no
injuries or conditions currently affecting their normal activities. Indi-
viduals with known history of vertebral fractures or hyperkyphosis
were included, but individuals with other conditions that might alter
thoracic biomechanics, such as traumatic thoracic injury, severe sco-
liosis, which had been treated surgically, or neuromuscular condi-
tions, such as Parkinson disease or muscular dystrophy, were
excluded. This study was approved by the Committee on Clinical
Investigations of Beth Israel Deaconess Medical Center (protocol #
2015P000394). All participants provided written informed consent
before participation.

2.2 | Data collection
Each participant had their spine curvature measured using standard-
ized protocols with a lateral thoracic X-ray, a flexicurve ruler, and

motion-capture markers, in a single session.

221 | Radiographs
One lateral view X-ray was taken of the thoracic spine at the hospital
radiography department. Subjects stood in a relaxed position with

arms elevated in front of them for the X-ray.

222 | Flexicurve

The flexicurve ruler (Staedtler Mars Inc, Nurnberg, Germany) is an
inexpensive device that when gently pressed against the back molds
to and retains the shape of the spine. Before molding the flexicurve
ruler to the subject's spine, the C7, T12, and S2 posterior spinous
processes were located via palpation. The flexicurve ruler was
molded over the spine midline from C7 to S2. The resulting curve
was traced on paper and the locations of the C7, T12, and S2 pro-
cesses were labeled. The measurement was performed while the
participant stood in a neutral upright posture with feet shoulder-
width apart.
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223 | Motion-capture

Motion-capture markers are small reflective balls that can be
attached to the body to record motion. These were attached to the
subject's skin using double-adhesive tape. Rigid clusters of four
markers were attached to the skin overlying the T1, T4, T5, T8, T9,
T12, L1, and S2 posterior spinous processes, as located by palpation.
An additional 69 single markers were placed on the C7, head, ster-
num and clavicles, and extremities. Marker data was collected with a
10-camera motion analysis system (Vicon Motion Systems, Oxford,
UK) recording at 100 Hz. Marker positions were captured while the
participant stood in a neutral upright posture with feet shoulder-
width apart.

2.3 | Datareduction, processing, and analysis

2.3.1 | Radiographic measures

Two measurement approaches were used to quantify kyphosis from
lateral thoracic radiographic images: the modified Cobb angle and the
centroid angle. Radiographs were evaluated based on digitized verte-
bral morphometry points identified by a semi-automated quantitative
algorithm (SpineAnalyzer; Optasia Medical Ltd., Cheadle, UK). This
approach has been used previously to quantify the Cobb angle and
has excellent inter- and intra-rater reliability.>* Briefly, after a user
identified the approximate centers of the T4 to T12 vertebrae, the
algorithm identified vertebral body margins and placed six morphome-
try points representing the anterior, center, and posterior of both
endplates for each vertebral body. If T4 was not visible, the measure-
ment was performed between T5 and T12.

1. Cobb angle: The Cobb angle was determined as the angle between
the superior endplate of T4 and the inferior endplate of T12, using
the anterior and posterior morphometry points of each to define
lines parallel to the endplates (Figure 1).

2. Centroid angle: Vertebral centroids were determined as the mean
of the six morphometry points for each vertebral body. The cen-
troid angle was then determined as the angle between the lines
defined by the T4 to T5 and T11 to T12 centroids (Figure 1).

To confirm results obtained from the digitized morphometry
points, Cobb angle was also measured manually. Specifically, the
angle measurement tool of the medical imaging viewer (Conserus
Enterprise Viewer, v2.1, Change Healthcare Canada Company,
Richmond, BC, Canada) was used to draw straight lines parallel to
the superior endplate of T4 and the inferior endplate of T12, and
the resulting angle reported. The manual Cobb angle was defined
as the average measurement of three raters (DG, SJM, DEA). If the
SD of a manual Cobb angle among the raters was >4°, the individ-
ual measurements were adjudicated by the group and if needed
measurements were discarded and/or repeated until a SD of <4°

was achieved.
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FIGURE 1
Flexicurve measurement, C; and Marker-based polynomial angle, D

Visualization of Cobb angle, A; Centroid angle, B;

23.2 | Flexicurve

Three methods were used to evaluate kyphosis from the flexicurve
traces: the calculated central angle, the polynomial angle, and the cir-
cle central angle.

1. Calculated central angle (F.Calculated): The length and depth of
the thoracic curve were measured from the initial flexicurve trace. Then,
as described previously in Reference29, the kyphosis angle can be esti-
mated by assuming the flexicurve trace approximates an arc of a circle,
and calculated by the central angle of the arc, given the arc length, L,
and depth, d. Thus, the central angle was calculated (Figure 1):

g 4dL
0=2sin 1<4d2+L2> (1)
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2. Circle central angle (F.Circle.C7; F.Circle.T4): Flexicurve traces
were digitized using ImageJ,*° with 19 points evenly placed from C7
to S2, inclusive, using C7, T12, and S2 markings on the curve for
guidance. The fifth point was considered the location of T4. A circle
was fit to the points representing the curve between C7-T12 using
MATLAB (Version 2015a, The Mathworks, Inc., Natick, MA), The
central angle theorem was then used to calculate the angles
between C7 and T12 (F.Circle.C7) and T4 to T12 (F.Circle.T4).3*

3. Polynomial angle (F.Poly.C7; F.Poly.T4): Using the 19 digitized
points, a quadratic polynomial was fit to the points between C7 and
T12 using MATLAB. Angles were calculated as the intersection of the
two lines normal to the curve at C7-T12 (F.Poly.C7), and at T4-T12 (F.
Poly.T4).32

2.3.3 | Motion-capture markers

Marker positions were averaged over the 1second of data
selected for minimal noise and movement. The coordinates of the
four markers on each cluster were averaged to provide one set of
coordinates representative of a single marker at the respective
posterior spinous process. Circle (M.Circle.C7; M.Circle.T4) and
polynomial (M.Poly.C7; M.Poly.T4) fitting approaches (as described
above for flexicurve, section 2.3.2) were applied to calculate the
angles of kyphosis between C7 and T12, and between T4 and T12
(Figure 1).

234 | Published prediction techniques
Three different prediction techniques were used to predict a kyphosis

angle based on non-radiographic measures.

1. Internal spine profile (P.Nerot; P.Nerot.Ext): Nerot et al>* provided
two sets of prediction equations that determined spine joint centers.
Both sets of equations use body weight, height, and distances
between certain boney landmarks. One set uses the external profile
of the spine (P.Nerot.Ext) while the other set does not (P.Nerot). We
incorporated the method of Peng et al®® to estimate the position of
the L5-S1 joint from pelvis and lower extremity markers. Vertebral
body centroids were estimated as the halfway point between neigh-
boring intervertebral joint centers. The centroid method was applied
to calculate T4 to T12 kyphosis angles from the estimated vertebral
body centroids for both sets of prediction equations.

2. Internal polynomial angle (P.Furlanetto): Furlanetto et al*®

provide
a linear regression equation to estimate the internal polynomial T4
to T12 angle from a skin-surface T4 to T12 polynomial angle. This
equation was used to calibrate the marker-based polynomial angle
(M.Poly.T4) to the centroid angle.

3. Flexicurve Cobb angle (P.Greendale): Greendale et al?? provide a lin-
ear regression equation that calibrates measurements of the
flexicurve trace to the radiographic T4 to T12 Cobb angle. This was

used with our flexicurve measurements to predict the Cobb angle.

2.3.5 | New prediction techniques

Two new prediction techniques were created to predict Cobb angle
based on marker or flexicurve measurements. Similarly, two prediction
techniques to predict centroid angle were created. Multiple linear regres-
sions were performed including a marker or flexicurve angle measurement
along with age and BMI as independent variables. The predictive perfor-
mance of the regression equations was evaluated using leave-one-out
(40-fold) cross-validation to estimate root-mean square error (RMSE)
when applied to a new dataset. In each case, the regression resulting in

the lowest estimated RMSE was selected as the prediction method.

2.4 | Statistical analysis

Descriptive statistics were calculated for all outcome measures, and
RMSEs were calculated for each outcome relative to radiographic Cobb
and centroid angles. Agreement among the radiographic measures was
examined by paired t tests and intra-class correlation coefficients (ICCs).
The validity of non-radiographic measurements and published prediction
techniques were investigated using ICCs, RMSEs, and Bland-Altman plots.
The ICCs (model two, case one, two-way mixed effects, absolute agree-
ment, single rater). Resulting ICCs were categorized based on the range
of their 95% confidence intervals, using categories of weak (ICC < 0.5),
moderate (0.5 < ICC < 0.75), good (0.75<ICC<0.9), and excellent
(0.9 < ICC).2* Paired t tests were used to determine whether the non-
radiographic measurements and prediction techniques were different
than radiographic measurements. Bland-Altman plots qualitatively illus-
trated the amount of disagreement between compared measures. The
primary analysis was performed including all subjects. Secondary ana-
lyses were performed on subgroups of young and older subjects, normal
weight (BMI < 25) and overweight (BMI 225) subjects, and low kyphosis
(Cobb <42.5°) and high kyphosis (Cobb 242.5°) subjects separated by
median Cobb angle. Statistical analyses were performed in Stata/IC
13.1 (StataCorp LP, College Station TX) with significance set
at o = 0.05.

3 | RESULTS

One participant was excluded from the analyses because no X-ray
was obtained. Characteristics of the 40 remaining participants
(22 women, 18 men) are shown in Table 1, including for sub-groups
by age and BMI. These were an average (range) age of 55.9 + 24.7
(19-93) years, height of 1.67 £ 0.12 (1.41-2.25) m, body mass of
68.6 £ 13.0 (50.8-102.0) kg, and BMI of 24.7 + 3.3 (18.8-31.9)
kg/m?2. On review of the thoracic spine in X-rays, three participants
were noted to have thoracic vertebral compression fractures,
14 had disc space narrowing, 17 had osteophytes (including three
with anterior bridging osteophytes consistent with diffuse idiopathic
skeletal hyperostosis), and two had scoliosis. In two participants,
radiographic measures were taken between T5 and T12 as T4 was

not discernable.
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TABLE 1 Mean (SD) of participant characteristic, including by age and BMI groups in sub-analyses
All (n = 40) Young (n = 16) Older (n = 24) Normal weight (n = 26) Overweight (n = 14)
Age (yearr) 55.9 (24.7) 27.4 (6.3) 74.8 (8.3) 53.4 (26.4) 60.4 (21.3)
Sex (M/F) 18/22 8/8 10/14 15/11 7/7
Height (m) 1.67(0.12) 1.71(0.13) 1.63(0.10) 1.67(0.11) 1.66 (0.13)
Weight (kg) 68.6 (13.0) 71.6 (14.0) 66.7 (12.3) 63.3 (9.6) 78.5(13.1)
BMI (kg/m?) 24.7 (3.3) 24.4(3.8) 24.9 (3.1) 22.7(1.7) 28.3(2.2)

TABLE 2 Radiographic measures, nonradiographic measures, and predictions of thoracic kyphosis (in degrees), with differences, ICC, and
RMSE relative to radiographic Cobb and Centroid angles

Measure Mean SD ICC Cobb (95% ClI) RMSE Cobb ICC Centroid (95% Cl) RMSE Centroid
Radiographic Cobb 41.9° 11.0 — — 0.831 (0.162-.945) 7.2
Centroid 36.4° 12.3 0.831 (0.162-.945) 7.2 - -
Manual Cobb 43.5%P 10.9 0.932 (0.857-0.966) 4.1 0.744 (0.016-0.914) 9.1
Marker M.Poly.C7 50.4*F 114 0.581 (-0.002-0.823) 11.6 0.458 (—0.097-0.784) 16.0
M.Poly.T4 35.1° 9.2 0.598 (0.089-0.818) 10.1 0.709 (0.515-0.834) 8.3
M.Circle.C7 55220 12.4 0.441 (-0.102-0.761) 15.9 0.344 (-0.082-0.705) 20.8
M.Circle.T4 51.72F 11.9 0.533 (—0.048-0.799) 12.9 0.410 (-0.099-0.747) 17.6
Flexicurve F.Calculated 51.52° 9.8 0.403 (—0.042-0.687) 13.5 0.312 (-0.103-0.646) 18.0
F.Poly.C7 48.22P 9.2 0.481 (0.122-0.711) 11.3 0.372 (-0.086-0.680) 15.3
F.Poly. T4 34.5° 7.6 0.432 (0.022-0.693) 11.5 0.547 (0.292-0.731) 9.8
F.Circle.C7 52.2%b 9.7 0.379 (-0.065-0.675) 141 0.308 (—0.101-0.649) 18.5
F.Circle.T4 36.2° 7.5 0.448 (0.118-0.679) 10.7 0.558 (0.299-0.740) 9.5
Prediction technique P.Greendale 40.3° 7.6 0.550 (0.294-0.733) 9.0 0.526 (0.256-0.719) 10.3
P.Nerot.Ext 33.9° 9.3 0.533(0.017-0.784) 11.2 0.589 (0.340-0.762) 10.0
P.Nerot 30.32F 4.9 0.178 (-0.089-0.452) 15.0 0.239 (-0.043-0.500) 12.6
P.Furlanetto 43.5° 10.8 0.734 (0.552-0.849) 8.0 0.620 (0.142-0.825) 11.0

Abbreviations: ICC, intraclass correlations; RMSE, root-mean square errors.
2Different than Cobb angle (P < .05).
PDifferent than Centroid angle (P < .05).

3.1 | Radiographic measurements

The manual Cobb method and semiautonomous Cobb method demon-
strated a good to excellent ICC and a small RMSE (4.0°), suggesting that
the semiautonomous Cobb measurement is a valid substitution for the
manual Cobb measurement and vice versa. The centroid angle had weak
to excellent ICCs compared to both Cobb angle measurements (Table 2).
Bland-Altman plots of Cobb and centroid angle vs other measurements

show little evidence of proportional bias or major outliers (Supplement ).

3.2 | Non-radiographic measurements

Marker-based measurements, compared with the semiautonomous
Cobb angle, reported weak to good ICCs and RMSEs between 10.1°
and 15.9°. When compared with the centroid angle, M.Poly.T4 had a
moderate to good ICC and RMSE of 8.3°, while other marker-based
measurements reported weak to good (M.Poly.C7) or weak to moderate

(otherwise) ICCs and RMSEs between 16.0° and 20.8°. All of these
measurements are different from the Cobb angle and all except M.Poly.
T4 are different from the centroid angle (P < .05, Table 2).

Flexicurve-based measurements, compared with the Cobb angle,
reported weak to moderate ICCs and RMSEs between 11.3° and
14.1°. When compared with the centroid angle, flexicurve based mea-
surements reported weak to moderate ICCs and RMSEs between 9.5°
and 18.5°. All of these measurements are different from the Cobb
angle and all except F.Poly.T4 and F.Circle.T4 are different from the
centroid angle (P < .05, Table 2).

3.3 | Published prediction techniques

When compared with the Cobb angle, P.Furlanetto had a moderate to
good ICC and RMSE of 8.0, while other prediction techniques
reported weak (P.Nerot), weak to moderate (P.Greendale), or weak to
good (P.Nerot.Ext) ICCs and RMSEs from 9.0° to 15.0°. When
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TABLE 3 New prediction equations for Cobb and centroid angles, based on regressions with a marker or flexicurve-based angle measurement

Coefficients

Prediction Angle measure Angle Age BMI

Cobb M.Poly.C7 0.716 0.121 0.859
M.Poly.C7 0.724 - —
F.Poly.C7 0.609 0.206 0.171
F.Poly.C7 0.692 - —

Centroid M.Poly.C7 0.896 0.056 0.979
M.Poly.C7 0.842 - —
F.Poly.C7 0.751 0.164 0.114
F.Poly.C7 0.819 — -

Icc RMSE
Intercept R? (95% Cl) (95% Cl)
—221 0.703 0.829 (0.700-0.906) 6.5(4.9-7.8)
54 0.557 0.720 (0.529-0.842) 7.6(5.7-9.1)
-32 0.548 0.713 (0.518-0.838) 8.2(6.1-9.9)
85 0.335 0.508 (0.233-0.707) 9.4 (7.3-11.1)
—-36.0 0.684 0.816 (0.678-0.899) 7.6(5.2-9.4)
-6.0 0.601 0.756 (0.583-0.863) 8.0 (5.8-9.7)
-11.8 0.481 0.655 (0.432-0.802) 9.9 (7.1-12.0)
-3.0 0.374 0.550 (0.288-0.735) 10.2 (8.4-11.8)

Note: Both multivariate (plus age and BMI) and univariate (angle measurement only) are presented. RMSE shows the estimated RMSE with 95% ClI for pre-
dictive performance based on leave-one-out cross-validation analyses. Coefficients in bold are significant (P < .05).
Abbreviations: BMI, body mass index; ICC, intraclass correlation; RMSE, root-mean square error.

compared with the centroid angles, prediction techniques reported
weak (P.Nerot), weak to moderate (P.Greendale) or weak to good (oth-
erwise) ICCs and RMSEs between 10.0° and 12.6°. P.Nerot.Ext and P.
Nerot are different from the Cobb angle and all except P.Nerot.Ext are
different from the centroid angle (P < .05, Table 2).

3.4 | New prediction techniques

New predictions for both Cobb and Centroid angles used M.Poly.C7 and
F.Poly.C7 as marker-based and flexicurve-based measurements, respec-
tively (Table 3). Non-radiographic angle was a significant factor in all
predictions (P < .05), and age was significant (P < .05) except in predic-
tion of Centroid angle with M.Poly.C7. BMI was a significant factor
(P < .05) for predictions of Cobb and centroid angles using M.Poly.C7,
but was not significant for predictions using F.Poly.C7. The new predic-
tion equations showed moderate to excellent (Cobb angle from M.Poly.
C7), moderate to good (Cobb angle from F.Poly.C7; centroid angle from
M.Poly.C7), and weak to good (centroid angle from F.Circle.C7) ICCs.
Point estimates of predictive RMSEs from cross-validation analyses
ranged between 6.5° and 9.9° for multivariate prediction equations.
The inclusion of age and BMI improved performance compared to uni-

variate equations with only the angle measures.

3.5 | Secondary analysis by age

Results for the older group (Supplement 2) were similar to the primary
analysis, particularly with moderate to good ICCs for P.Furlanetto vs
Cobb angle (RMSE 8.2°) and M.Poly.T4 vs centroid angle (RMSE 8.3°).
When examining the young group, all ICCs were weak or weak to
moderate (Supplement 2). However, RMSEs remained similar to the
primary analysis and the older group. For example, RMSE was 7.7° for
P.Furlanetto vs Cobb angle, and 8.3° for M.Poly.T4 vs centroid angle.
New marker-based predictions were weak to good for the young
group and moderate to excellent for the older group with RMSEs

between 5.1° and 7.3°, while flexicurve-based predictions were weak

to moderate for the young group and weak to good for the older
group with RMSEs between 6.6° - 9.4° (Supplement 2).

3.6 | Secondary analysis by BMI

Results for the normal weight group were similar to the primary analy-
sis (Supplement 2), particularly with a moderate to good ICC for M.
Poly.T4 vs centroid angle (RMSE 6.4°). The ICC for P.Furlanetto vs
Cobb angle, however, was weak to good (RMSE 8.1°). Results for the
overweight group reported weak to good ICCs for most measures,
including M.Poly.T4 vs centroid angle (RMSE 11.0°), Several measures
reported weak to excellent ICCs vs Cobb angle (M.Poly.C7, RMSE
8.2°; F.Poly.C7, RMSE 7.9°; P.Furlanetto, RMSE 7.7°), and P.Furlanetto
reported a weak to excellent ICC vs centroid angle (RMSE 9.2°). New
marker-based predictions were moderate to excellent for the normal
weight group and weak to excellent for the overweight group with
RMSEs between 5.5° and 8.9°, while flexicurve-based predictions
were weak to excellent for the overweight group and weak to good
otherwise with RMSEs between 6.8° and 10.6° (Supplement 2).

3.7 | Secondary analysis by kyphosis angle

For the low and high kyphosis angle groups, ICCs were at best weak to
moderate (Supplement 2). However, RMSEs remained similar to the pri-
mary analysis. New marker-based predictions were weak to good for both
groups (RMSEs of 5.7°-7.1°), while new flexicurve-based predictions were
weak to moderate in the low kyphosis group (RMSEs of 8.4°-9.7°) but
weak to good in the high kyphosis group (RMSEs of 6.0°-7.7°).

4 | DISCUSSION
This is the first study to examine the validity of both flexicurve and
marker-based measurements of sagittal thoracic kyphosis vs radio-

graphic measurements, particularly in a participant sample including a
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large range of ages and kyphosis angles. This study is also the first to
report on the validity of kyphosis angles derived from published pre-
diction techniques in an independent study. Determining the utility of
these measurement techniques will be useful in future studies seeking
to assess kyphosis, whether as a clinical outcome or for the creation
of subject-specific musculoskeletal models. The findings reported here
show that for unbiased non-radiographic measures and predictions,
individual errors average between 5° and10°. However, these can still
be valid substitutes for radiographic measures in study outcomes and
analyses (eg, comparing group means), where they will likely fall within
a few degrees of radiographic measures. Moreover, reported reliability
is generally good to excellent for both radiographic®® and non-radio-
graphic® measures of kyphosis, including flexicurve and marker-based
measures.?’ Thus they likely have similar utility for evaluating curva-
ture and changes in curvature over time.

In validations of non-radiographic measures of kyphosis,
Furlanetto et al?? prediction (P.Furlanetto) reported no difference with
Cobb angle, moderate to good ICC (0.734, 95% Cl 0.552-0.849) and
the smallest RMSE (8.0°). Similarly, M.Poly. T4 reported no difference
with the centroid angle, moderate to good ICC (0.709, 95% CI
0.515-0.834) and the smallest RMSE (8.3°). Thus, in predicting the T4
to T12 Cobb angle P.Furlanetto would be considered the non-
radiographic technique of choice, while for predicting the centroid
angle M.Poly.T4 would be considered the non-radiographic technique
of choice. Both of these measures were marker-based. Interestingly,
P.Furlanetto was created to predict centroid angle from an external
curvature and in this study was calculated from M.Poly.T4. Flexicurve-
based methods, including the P.Greendale prediction method, uni-
formly showed weak to moderate ICCs, suggesting limited validity for
predicting radiographic measures. If using a flexicurve, Greendale

et al??

prediction (P.Greendale) may be the preferred approach for
Cobb angle, while F.Circle.T4 may be the preferred approach for cen-
troid angle, based on t-tests and RMSE values. Flexicurve measures
have been widely used to assess spine curvature, but this is the first
study to assess the validity of motion analysis markers for this pur-
pose. Overall, the marker-based measures performed at least as well
as the flexicurve, if not better. Thus, motion analysis markers offer a
reasonable approach for assessing spine curvature vs other non-
radiographic measures.

Results from the secondary analyses suggest that validity of non-
radiographic measures is lower in young adults than in older adults.
However, predictions of Cobb angle and centroid angle using P.
Furlanetto and M.Poly.T4 have similar errors in young adults and older
adults. Results separated by BMI suggest that predictions of Cobb
angle using P.Furlanetto are similarly valid in normal and overweight
sub-groups as in the total sample. Predictions of centroid angle using
M.Poly.T4 remained valid in the normal subgroup, but may be less so
in overweight individuals. Indeed, based on RMSEs P.Furlanetto might
be the preferred prediction for both Cobb angle and centroid angle in
overweight individuals. Separating by kyphosis angle suggests
flexicurve-based predictions may be better in higher-kyphosis angles,
but marker-based predictions are similar in both groups. While not

conclusive, this may indicate that accuracy of flexicurve measures
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may be sensitive to kyphosis angle. It should be noted that sample size
was lower than the primary analysis in all the secondary analysis
groups, and the young group had smaller kyphosis angles and less var-
iance in kyphosis. These limitations increase uncertainty in the ICCs
and make it more difficult to show strong validity in the secondary
analyses than the primary analysis.

The new predictions created in this study were comparable to the
best non-radiographic measures of kyphosis validated in this study in
terms of ICCs and predictive performance (RMSEs). However, it
should be recognized that the predictive RMSEs were estimated using
cross-validation methods, and these equations have yet to be evalu-
ated in an independent dataset. Nonetheless, the proposed prediction
equations offer an important advantage in that they were created
using a participant sample with a large range of ages and kyphosis
angles. Thus, these equations can be applied in a broad range of sub-
jects without concerns of extrapolation. Moreover, the inclusion of
age and BMI in the new predictions addresses possible effects of
these factors, while comparison with the angle-only predictions
(Table 3) show age and BMI improves performance.

The discrepancy between radiographic and non-radiographic
measures may be a result of the difference in anatomy between the
internal and external profile of the spine. Non-radiographic measures
of the spine examine the exterior or skin-surface profile, which is
related to the posterior spinous processes. These spinous processes
have differing angles depending on the vertebrae being measured,
thus creating a disparity between internally and externally measured
kyphosis angles.®¢ Previous literature has similarly reported only mod-
erate correlations between radiographic and non-radiographic mea-

sures of kyphosis,1821222837

consistent with the findings in this
study. Furthermore, the semi-autonomous radiographic Cobb angle
was systematically larger than the centroid angle by an average of
5.5°. Previous literature has similarly reported Cobb angle to be sys-
tematically larger than the centroid angle by 1° to 8°.1¢%°

A limitation of the prediction techniques P.Nerot, P.Nerot.Ext, and
P.Furlanetto is that they were developed using only radiographic data,
with “virtual palpation” of skin surface points.2>2* We utilized motion
analysis markers as the input data for these predictions, but the
potential errors arising from this is unknown. Additionally, Nerot

et al**

used the location of the xyphoid process as an input, but
xyphoid process location was not measured in this study. This devia-
tion from the published procedure may have degraded the accuracy
of our vertebral body centroid and kyphosis angle estimates. Finally,
the regression of Furlanetto et al*® was created with data from sub-
jects ranging from 6 to 18 years of age, outside the age range of par-
ticipants in this study. While found to be valid and the best predictor
of Cobb angle in this study, it is possible that a similar regression cre-
ated in an adult population would perform even better.

A limitation of our measurements is that the non-radiographic
measurements of volunteers were taken in an upright standing posi-
tion with arms at their sides, while radiographic images were taken
with their arms raised in front of them to better view the thoracic
spine. Arm elevation in upright standing may decrease the angle of

kyphosis up to 7°,°® thereby introducing a possible discrepancy
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between our measurements. Future studies could evaluate if arm ele-
vation produces similar changes in non-radiographic measurements.
However, some studies comparing non-radiographic measures to

8 or seated?! imaging, which could

radiographic measures use supine®
also affect kyphosis angles. Thus, use of a standing radiograph for
comparison remains a strength of this study. An additional limitation
is that spinal pathology or degenerative changes may affect the mea-
surements in uncertain ways. One or more of the pathologies noted in
this study (vertebral fractures, disc space narrowing, osteophytes, sco-
liosis) was present in 20 older subjects, but only one younger subject.
Thus, in this study we cannot evaluate the effects of these issues sep-
arately from aging.

The strengths of this study include its diverse subject pool and
inclusion of multiple measurement techniques for thoracic kypho-
sis. The subject pool included men and women ranging in age from
19 to 93 years and Cobb angles from 20° to 64°. This range of age
and kyphosis angles suggests the findings of this study are applica-
ble across the healthy adult population. Additionally, while palpa-
tion errors are typical for non-invasive measurements of the spine,
palpation in this study was conducted by the same trained investi-
gator with extensive spine palpation experience (S. J. M.). Not only
should this minimize variability that might arise with multiple
raters, but there is evidence that rater experience minimizes palpa-
tion errors.®”

In conclusion, most non-radiographic estimates of kyphosis show
similar, weak to moderate levels of validity when compared to radio-
graphic measurements. This is also consistent with prior studies,
which may be indicative of a general limit on how well non-
radiographic measurements can represent radiographic measure-
ments. However, unbiased non-radiographic estimates with moderate
to good validity were identified using marker data for both Cobb angle
and centroid angle (P.Furlanetto and M.Poly.T4, respectively). New pre-
diction equations are provided with similar validity, with advantages
of accounting for potential effects of age and BMI in the prediction.
Thus while these non-radiographic measurements and prediction
equations may not directly replace radiographic techniques for indi-
vidual measurements, they could be applied in future clinical research
or practice with due recognition of potential differences from radio-

graphic measures.

ACKNOWLEDGMENTS

This study was conducted with support from the National Institute
on Aging of the National Institutes of Health (RO0O AG042458), the
Department of Orthopedic Surgery at Beth Israel Deaconess Medi-
cal Center, and Harvard Catalyst. The Harvard Clinical and Transla-
tional Science Center (National Center for Research Resources and
the National Center for Advancing Translational Sciences, National
Institutes of Health Award UL1 TR001102) and financial contribu-
tions from Harvard University and its affiliated academic
healthcare centers. The content is solely the responsibility of the
authors and does not necessarily represent the official views of
Harvard Catalyst, Harvard University and its affiliated academic

healthcare centers, or the National Institutes of Health. The study

sponsors had no role in the study design, data collection, analysis,
manuscript preparation, or the decision to submit the manuscript

for publication.

CONFLICT OF INTEREST
The authors declare no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

Daniel M. Grindle participated in data acquisition, data analysis,
and drafting and revising the manuscript. Seyed Javad Mousavi
participated in data acquisition, data analysis and interpretation,
and revising the manuscript. Brett T. Allaire participated in data
analysis, data interpretation, and revising the manuscript. Andrew
P. White participated in study design, data interpretation, and
revising the manuscript. Dennis E. Anderson participated in study
design, data analysis, data interpretation, and drafting and revising
the manuscript. All authors have read and approved the final ver-
sion to be published.

ORCID

Dennis E. Anderson "2 https://orcid.org/0000-0002-5171-7445

REFERENCES

1. Kuntz C, Levin LS, Ondra SL, Shaffrey Cl, Morgan CJ. Neutral upright
sagittal spinal alignment from the occiput to the pelvis in asymptom-
atic adults: a review and resynthesis of the literature. J Neurosurg
Spine. 2007;6(2):104-112.

2. Kado DM, Huang MH, Karlamangla AS, et al. Factors associated with
kyphosis progression in older women: 15 years' experience in the
study of osteoporotic fractures. J Bone Miner Res. 2013;28(1):
179-187.

3. Lorbergs AL, Allaire BT, Yang L, et al. A longitudinal study of trunk
muscle properties and severity of thoracic kyphosis in women and
men: the Framingham study. J Gerontol A Biol Sci Med Sci. 2019;74(3):
420-427.

4. Yau MS, Demissie S, Zhou Y, et al. Heritability of thoracic spine curva-
ture and genetic correlations with other spine traits: the Framingham
study. J Bone Miner Res. 2016;31(12):2077-2084.

5. Kado DM, Huang MH, Barrett-Connor E, Greendale GA. Hyper-
kyphotic posture and poor physical functional ability in older
community-dwelling men and women: the rancho Bernardo study.
J Gerontol A Biol Sci Med Sci. 2005;60(5):633-637.

6. Di Bari M, Chiarlone M, Matteuzzi D, et al. Thoracic kyphosis and
ventilatory dysfunction in unselected older persons: an epidemiologi-
cal study in Dicomano, Italy. J Am Geriatr Soc. 2004;52(6):909-915.

7. Kado DM, Huang MH, Nguyen CB, Barrett-Connor E, Greendale GA.
Hyperkyphotic posture and risk of injurious falls in older persons: the
rancho Bernardo study. J Gerontol A Biol Sci Med Sci. 2007;62(6):
652-657.

8. Kado DM, Lui LY, Ensrud KE, Fink HA, Karlamangla AS,
Cummings SR. Hyperkyphosis predicts mortality independent of ver-
tebral osteoporosis in older women. Ann Intern Med. 2009;150(10):
681-687.

9. Bruno AG, Burkhart K, Allaire B, Anderson DE, Bouxsein ML. Spinal
loading patterns from biomechanical modeling explain the high inci-
dence of vertebral fractures in the thoracolumbar region. J Bone Miner
Res. 2017;32(6):1282-1290.

10. Granata KP, Marras WS. Relation between spinal load factors and the
high-risk probability of occupational low-back disorder. Ergonomics.
1999;42(9):1187-1199.


https://orcid.org/0000-0002-5171-7445
https://orcid.org/0000-0002-5171-7445

GRINDLE ET AL.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

Gutierrez M, Monzo J. Prevalence of low back disorders among
female workers and biomechanical limits on the handling of load and
patients. Work. 2012;41(Suppl 1):2364-2369.

Bruno AG, Mokhtarzadeh H, Allaire BT, et al. Incorporation of CT-
based measurements of trunk anatomy into subject-specific musculo-
skeletal models of the spine influences vertebral loading predictions.
J Orthop Res. 2017;35(10):2164-2173.

Briggs AM, van Dieen JH, Wrigley TV, et al. Thoracic kyphosis affects
spinal loads and trunk muscle force. Phys Ther. 2007;87(5):595-607.
Bruno AG, Anderson DE, D'Agostino J, Bouxsein ML. The effect of
thoracic kyphosis and sagittal plane alignment on vertebral compres-
sive loading. J Bone Miner Res. 2012;27(10):2144-2151.

Chaise FO, Candotti CT, Torre ML, Furlanetto TS, Pelinson PP,
Loss JF. Validation, repeatability and reproducibility of a noninva-
sive instrument for measuring thoracic and lumbar curvature of
the spine in the sagittal plane. Rev Bras Fisioter. 2011;15(6):
511-517.

Briggs AM, Wrigley TV, Tully EA, Adams PE, Greig AM, Bennell KL.
Radiographic measures of thoracic kyphosis in osteoporosis: cobb
and vertebral centroid angles. Skeletal Radiol. 2007;36(8):761-767.
Korovessis P, Petsinis G, Papazisis Z, Baikousis A. Prediction of tho-
racic kyphosis using the Debrunner kyphometer. J Spinal Disord.
2001;14(1):67-72.

Tran TH, Wing D, Davis A, et al. Correlations among four measures of
thoracic kyphosis in older adults. Osteoporos Int. 2016;27(3):1255-
1259.

Barrett E, McCreesh K, Lewis J. Reliability and validity of non-
radiographic methods of thoracic kyphosis measurement: a system-
atic review. Man Ther. 2014;19(1):10-17.

Milne JS, Lauder 1J. The relationship of kyphosis to the shape of ver-
tebral bodies. Ann Hum Biol. 1976;3(2):173-179.

Zemp R, List R, Gulay T, et al. Soft tissue artefacts of the human back:
comparison of the sagittal curvature of the spine measured using skin
markers and an open upright MRI. PLoS One. 2014;9(4):e95426.
Greendale GA, Nili NS, Huang MH, Seeger L, Karlamangla AS. The
reliability and validity of three non-radiological measures of thoracic
kyphosis and their relations to the standing radiological cobb angle.
Osteoporos Int. 2011;22(6):1897-1905.

Furlanetto TS, de Oliveira EBC, Candotti CT, et al. Development and
validation of prediction equations for spinal curve angles based on
skin surface measurements. J Manipulative Physiol Ther. 2017;40(9):
692-699.

Nerot A, Skalli W, Wang X. Estimation of spinal joint centers from
external back profile and anatomical landmarks. J Biomech. 2018;70:
96-101.

de Oliveira TS, Candotti CT, La Torre M, et al. Validity and reproduc-
ibility of the measurements obtained using the flexicurve instrument
to evaluate the angles of thoracic and lumbar curvatures of the spine
in the sagittal plane. Rehabil Res Pract. 2012;2012:186156.

Lundon KM, Li AM, Bibershtein S. Interrater and intrarater reliability
in the measurement of kyphosis in postmenopausal women with
osteoporosis. Spine (Phila pa 1976). 1998;23(18):1978-1985.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

JOR SPit1€uec MIAA

Teixeira F, Carvalho G. Reliability and validity of thoracic kyphosis
measurements using flexicurve method. Braz J Phys Ther. 2007;11:
199-204.

Schmid S, Studer D, Hasler CC, et al. Using skin markers for spinal cur-
vature quantification in Main thoracic adolescent idiopathic scoliosis:
an explorative radiographic study. PLoS One. 2015;10(8):e0135689.
Mousavi SJ, Tromp R, Swann MC, White AP, Anderson DE. Between-
session reliability of opto-electronic motion capture in measuring sag-
ittal posture and 3-D ranges of motion of the thoracolumbar spine.
J Biomech. 2018;79:248-252.

Schneider CA, Rasband WS, Eliceiri KW. NIH image to ImagelJ:
25 years of image analysis. Nat Methods. 2012;9(7):671-675.

Schmid S, Studer D, Hasler CC, et al. Quantifying spinal gait kinemat-
ics using an enhanced optical motion capture approach in adolescent
idiopathic scoliosis. Gait Posture. 2016;44:231-237.

Ignasiak D, Rueger A, Ferguson SJ. Multi-segmental thoracic spine
kinematics measured dynamically in the young and elderly during
flexion. Hum Mov Sci. 2017;54:230-239.

Peng J, Panda J, Van Sint Jan S, Wang X. Methods for determining
hip and lumbosacral joint centers in a seated position from external
anatomical landmarks. J Biomech. 2015;48(2):396-400.

Koo TK, Li MY. A guideline of selecting and reporting Intraclass corre-
lation coefficients for reliability research. J Chiropr Med. 2016;15(2):
155-163.

Harrison DE, Cailliet R, Harrison DD, Janik TJ, Holland B. Reliability
of centroid, cobb, and Harrison posterior tangent methods: which to
choose for analysis of thoracic kyphosis. Spine (Phila Pa 1976). 2001;
26(11):E227-E234.

Gilad I, Nissan M. Sagittal evaluation of elemental geometrical dimen-
sions of human vertebrae. J Anat. 1985;143:115-120.

Furlanetto TS, Candotti CT, Comerlato T, Loss JF. Validating a pos-
tural evaluation method developed using a digital image-based pos-
tural assessment (DIPA) software. Comput Methods Programs Biomed.
2012;108(1):203-212.

Marks M, Stanford C, Newton P. Which lateral radiographic positioning
technique provides the most reliable and functional representation of a
patient's sagittal balance? Spine (Phila pa 1976). 2009;34(9):949-954.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Grindle DM, Mousavi SJ, Allaire BT,
White AP, Anderson DE. Validity of flexicurve and motion
capture for measurements of thoracic kyphosis vs standing
radiographic measurements. JOR Spine. 2020;3:€1120.
https://doi.org/10.1002/jsp2.1120



https://doi.org/10.1002/jsp2.1120

	Validity of flexicurve and motion capture for measurements of thoracic kyphosis vs standing radiographic measurements
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Participants
	2.2  Data collection
	2.2.1  Radiographs
	2.2.2  Flexicurve
	2.2.3  Motion-capture

	2.3  Data reduction, processing, and analysis
	2.3.1  Radiographic measures
	2.3.2  Flexicurve
	2.3.3  Motion-capture markers
	2.3.4  Published prediction techniques
	2.3.5  New prediction techniques

	2.4  Statistical analysis

	3  RESULTS
	3.1  Radiographic measurements
	3.2  Non-radiographic measurements
	3.3  Published prediction techniques
	3.4  New prediction techniques
	3.5  Secondary analysis by age
	3.6  Secondary analysis by BMI
	3.7  Secondary analysis by kyphosis angle

	4  DISCUSSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	REFERENCES


