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Abstract

Osteoporosis is associated with increased risk of fractures, which is clinically defined by low bone 

mineral density. Increasing evidence suggests that trabecular bone (TB) micro-architecture is an 

important determinant of bone strength and fracture risk. We present an improved volumetric 

topological analysis algorithm based on fuzzy skeletonization, results of its application on in vivo 
MR imaging, and compare its performance with digital topological analysis. The new VTA 

method eliminates data loss in the binarization step and yields accurate and robust measures of 

local plate-width for individual trabeculae, which allows classification of TB structures on the 

continuum between perfect plates and rods. The repeat-scan reproducibility of the method was 

evaluated on in vivo MRI of distal femur and distal radius, and high intra-class correlation 

coefficients between 0.93 and 0.97 were observed. The method’s ability to detect treatment effects 

on TB micro-architecture was examined in a two-year testosterone study on hypogonadal men. It 

was observed from experimental results that average plate-width and plate-to-rod ratio 

significantly improved after 6 months and the improvement was found to continue at 12 and 24 

months. The bone density of plate-like trabeculae was found to increase by 6.5% (p = 0.06), 7.2% 

(p = 0.07) and 16.2% (p = 0.003) at 6, 12, 24 months, respectively. While the density of rod-like 

trabeculae did not change significantly, even at 24 months. A comparative study showed that VTA 

has enhanced ability to detect treatment effects in TB micro-architectural as compared to 

conventional method of digital topological analysis for plate/rod characterization in terms of both 

percent change and effect-size.
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1 Introducation

Osteoporosis is a degenerative bone disease of high prevalence affecting older adults. The 

disorder is associated with high risk of low-trauma fractures leading to increased mortality 

and morbidity, and it entails significant healthcare costs. An estimated 8 million women and 

2 million men in the United States meet the diagnostic criteria for osteoporosis [1]. The 

percentage of patients with osteoporosis increases progressively with age – among US 

women, 13% in their 50s, 27% in their 60s, 47% in their 70s, and 67% in their 80s have 

bone density levels in the diagnostic range of osteoporosis [2]. Clinically, osteoporosis is 

defined by low bone mineral density (BMD), which explains 65–75% of the variance in 

bone strength [3, 4], while the remaining variance is due to the cumulative and synergistic 

effects of various factors, including trabecular bone (TB) micro-architecture. There is 

evidence in literature [5, 6] demonstrating that effects of therapeutic agents are greater on 

TB as compared to overall BMD. Results from several studies [6–9] support the hypothesis 

that quality of TB micro-architecture is an important determinant of bone strength and 

fracture risk. Effective measures of TB micro-architecture from in vivo imaging are useful to 

assess bone strength and fracture risk in the realm of clinical therapy and treatment 

guidance, including growth and peak bone accrual, aging, post-menopausal bone loss, 

cancer-related bone loss and conditional bone loss, such as eating disorders, renal 

osteodystrophy, osteogenesis imperfacta, osteoarthritis, rheumatoid arthritis, corticosteroid 

medicinal intake, etc.

The conventional method for quantitative assessment of TB micro-architectural quality is a 

two-dimensional (2-D) cross-sectional histomorphometry from bone biopsies [10]. Over the 

past two decades, remarkable progress has been achieved on high-resolution in vivo bone 

imaging techniques [11], including magnetic resonance (MR) imaging (MRI) [4, 12, 13], 

high resolution peripheral quantitative computed tomography (HR-pQCT) [14, 15] and 

multi-row detector CT (MD-CT) [16, 17] imaging, to assess three-dimensional (3-D) TB 

micro-architecture. As compared to other bone imaging modalities, a major advantage of 

MRI is that it involves no ionizing radiation, which is beneficial for longitudinal studies.

Various topologic and geometric analytic approaches have been reported [18–23] for 

characterizing TB microarchitecture. Parfitt et al. [18] conceived a parallel interconnected 

plate model of TB yielding bone area fraction, TB volume fraction, spacing, and number 

from 2-D histomorphometric sections. Vesterby et al. [19] conceived a new stereologic 

parameter, called star volume, which is the average volume of an object region that can be 

seen from a point inside that region unobscured in all directions. Hahn et al. [20] introduced 

the “trabecular bone pattern factor” which captures TB connectivity in terms of the 

convexity property of the TB surface defined as the ratio of the differences in perimeter and 

area under dilation. Hildebrand et al. [21] developed a 3-D structure model index, a function 

of global plate-to-rod ratio, based on the observation that the rate of volume change with 

thickness for a plate is different from that for a rod. Majumdar et al. [22] adopted apparent 

TB number, thickness, spacing and fractal dimension measures to quantify TB structural 

quality. Feldkamp et al. [23] showed that the makeup of TB networks can be expressed in 

terms of topological entities such as the 3-D Euler number.
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There are several indirect MRI methods, which do not directly apply structural analysis to 

high-resolution intensity images. Instead, these methods exploit different contrast 

mechanisms to derive metrics that relate to TB microstructure. High-resolution MRI of 

internal gradient diffusion weighting provides the bulk measurement of the surface-to-

volume ratio based on the principle that, in the highly porous TB system, the largest internal 

gradients exist close to TB surfaces perpendicular to the applied field [24]. MR relaxometry 

is another indirect method that characterizes TB orientation using magnetic field 

inhomogeneity at the interface between TB and marrow [25]. The method yields information 

on trabecular density and orientation but cannot provide detailed insight into structural 

make-up of the bone [26]. Bone marrow perfusion MRI was identified as a biomarker for 

bone quality. Dynamic contrast-enhanced MRI measures bone marrow perfusion indices 

representing enhancement peak and maximum slope [27, 28]. These MRI-based indirect 

methods provide bulk measures bone microstructure related to TB and marrow interface. In 

addition, morphologic interpretation of these indirect measures is not straightforward, 

thereby adding difficulties in relating these measures to detailed microarchitecture in clinical 

studies.

Saha and his colleagues developed digital topological analysis (DTA) [29–32] as a means to 

characterize topological plates, rods, and junctions at individual TB voxels, which has been 

successfully applied in several studies [13, 33–35]. More recently, volumetric topological 

analysis (VTA) was proposed to characterize individual TB voxels on the continuum 

between a perfect plate and a perfect rod. The method has been validated on clinical MD-CT 

imaging at peripheral sites [17]. Here, we improved the VTA algorithm using a recently 

developed fuzzy skeletonization algorithm [36] to eliminate data loss in the binarization step 

and evaluated it on in vivo MRI. The improved method yields accurate and robust measure 

of plate-widths. We propose a new characterization of plate-like structures using plate-width 

information. The repeat scan reproducibility of the method was examined using two 

different in vivo MRI protocols at distal femur and distal radius. In addition, we examined 

the method’s ability to detect testosterone treatment effects on hypogonnadal men in a two-

year follow-up study and the results are presented. The performance of the method is 

compared with the conventional methods of digital topological analysis for plate/rod 

characterization.

2 Methods

2.1 Volumetric Topological Analysis

The overall objective of VTA was to measure the plate-width of individual trabeculae in 

units of micrometers and locally classify individual trabecular type on the continuum 

between a perfect plate and a perfect rod (Figure 1(a)). Essentially, the VTA algorithm 

computes local trabecular plate-width (Figure 1(b)), which is different from either trabecular 

thickness or skeletal width. The original VTA algorithm [17] was developed for binary 

objects requiring thresholding on fuzzy representations of TB images, which is a sensitive 

and undesired step at in vivo resolution [11]. Here, we present an improved algorithm, which 

is directly applicable to fuzzy TB images eliminating the thresholding step—a major source 

of error, especially, at in vivo image resolution.

Chen et al. Page 3

Phys Med Biol. Author manuscript; available in PMC 2017 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The VTA algorithm consists of five sequential steps: (1) fuzzy skeletonization, (2) digital 

topological analysis, (3) geodesic distance transform, (4) geodesic scale computation, and 

(5) volumetric feature propagation. The principle of VTA is described in Figure 1(c,d). Let 

us assume that (c) represents the surface skeleton of a plate-like object with varying plate-

widths. A surface representation of an object is obtained by surface skeletonization [31, 36]. 

After surface skeletonization, the VTA algorithm identifies different topological entities, 

including surface edges (the thick outline in Figure 1(c,d)), on the skeleton using digital 

topological analysis. The geodesic distance between two points on a surface skeleton is the 

length of the shortest path between the two points such that the entire path lies on the 

skeletal surface. VTA computes the geodesic distance at every surface interior point from its 

nearest surface edge, which is referred as the geodesic distance transform (GDT) (Figure 

1(c)).

The central dotted line in both (c) and (d) represents the arc-skeleton, and the points on the 

arc-skeleton are referred to as axial points. Note that, essentially, the computed GDT is equal 

to the half of the local plate-width at an axial point, e.g., the point a in (d). However, GDT 

fails to determine the local plate-width at non-skeletal points, e.g, the point p in (c). A 

feature propagation step is applied, where a non-axial point inherits the local plate-width 

from its most-representative axial point. For example, the point p is assigned the same plate-

width as that of a after feature propagation as illustrated in (d). Finally, another level of 

feature propagation is applied where the plate-width values are propagated from the surface-

skeleton to the entire object volume, e.g., from Figure 2(d) to (e). In this paper, we apply 

fuzzy skeletonization in Step 1 instead of binary skeletonization. Steps 2 to 5 are 

implemented using methods described in our previous work [17]. The feature propagation in 

Step 5 is accomplished using the principle established by Liu et al. [37] that is independent 

of scan or processing order. Results of intermediate steps of VTA are presented in Figure 2.

The following notations are used in this paper. Let  = {(p, BVF(p)) | p ∈ Z3} be the bone 

volume fraction (BVF) representation of a TB image, where Z is the set of integers, Z3 is the 

rectangular grid, p is a voxel location, and BVF(p) is the BVF value at p. Let O denote the 

set of voxels with non-zero BVF, i.e., O = {p | p ∈ Z3 ∧ BVF(p) ≠ 0}. In the following, we 

describe the basic principle of the fuzzy skeletonization algorithm, which eliminates data 

loss in the binarization step and improves the performance.

2.2 Fuzzy Skeletonization

The performance of our TB plate-width computation method is highly dependent on the 

quality of the surface skeleton generated from the volumetric representation of a TB network 

acquired by in vivo imaging. In our previous algorithm, a binary skeletonization algorithm 

was used, which is always associated with binarization related data loss adding skeletal 

inaccuracies such as disruption of trabecular rods, perforation of plates, and filling small 

marrow holes. Recently, Jin and Saha [36] developed a fuzzy skeletonization algorithm 

based on fuzzy grassfire propagation, which eliminates binarization related data loss. Blum’s 

grassfire transform, originally defined for binary objects, was modified for fuzzy 

representation of TB images where the BVF is used to define the instantaneous speed of the 

grassfire front at a given bone voxel. The speed of grassfire front at a given TB voxel p is 
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inversely proportional to its BVF. Using this notion, it can be shown that the fuzzy distance 

transform (FDT) [38] value at p defines the time that the fire front reaches p. Therefore, the 

propagation time of a fire front at a TB voxel p to its neighbor q is equal to the local BVF-

weighted distance between p and q, and this equality is violated only at skeletal or quench 

points where the propagation process is interrupted and stopped. Thus, a TB voxel p is a 

fuzzy quench voxel (Figure 3(c)) if the following inequality holds for every neighbor q of p

(1)

Following the above definition, a quench voxel fails to pass the grassfire front to any of its 

neighbors, and thus, grassfire is extinguished at quench voxels.

Although the fuzzy quench voxel captures medial axes or symmetry-structures using the 

notion of fuzzy grassfire transform, it creates a large number of spurious quench voxels. 

Spurious quench voxels generate noisy skeletal branches, which are not necessary to 

describe the overall object shape and topology. Often, such noisy branches add undesired 

complexities in the skeleton and reduce the effectiveness of skeleton-derived measures. 

Therefore, it is necessary to remove spurious quench voxels, which is accomplished using 

their significance measures. Here, a function that resembles the “collision impact” of 

individual TB voxels is used to determine the significance of a quench voxel. Collision 

impact ξ of a quench voxel p is defined as follow:

(2)

where the function f+(x) returns the value of x, when x ≥ 0, and ‘0’, otherwise, and N*(p) is 

the set of 26-neighbors of p. There are two types of quench voxels – a surface quench voxel 
where two opposite fire fronts meet and a curve quench voxel where fire fronts meet from all 

directions on a plane. These unique geometric properties of a surface or a curve quench 

voxel, are optimally used to determine its significance based on the collision impact values 

of its neighboring voxels. For example, a significant surface quench voxel ensures a 3 × 3 

structure of quench voxels with high collision impact in its neighborhood, while a significant 

curve quench voxel requires a three-voxel curve in its neighborhood with high collision 

impact. A quench voxel with its significance value above a threshold value thrsignificance, is 

referred as a significant quench voxel or a fuzzy axial voxel. As illustrated in Figure 3(d), 

the set of fuzzy axial voxels captures the essential geometry of the original TB object; also, 

it reduces a large set of non-significant quench voxels of (c).

In this work, the fuzzy skeletonization step starts with identifying the set of all fuzzy quench 

voxels followed by computation of fuzzy axial voxels using the above filtering method for 

significant quench voxels. Subsequently, TB object voxels, which are not fuzzy axial voxels, 

are sequentially removed in the increasing order of their FDT values while preserving the 

topology of the object. The notion of 3-D simple points [29] is used for topology 
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preservation. It should be noted that, despite the filtering of quench voxels, a few spurious 

branches may survive in the skeleton. Therefore, a post-skeletal-pruning step is applied to 

prune noisy branches based on their global significance computed as the collision-impact-

weighted branch length. Figure 3 shows results of intermediate steps of fuzzy 

skeletonization.

Fuzzy skeletonization reduces binarization related data loss, which improves the 

preservation of trabecular network connectivity especially at relatively thin trabeculae. 

Figure 4(a) shows the BVF map of TB network in an axial image slice of distal radius 

acquired in vivo at 1.5 T MRI. Results of binary and fuzzy skeletonization are presented in 

(b,c), respectively. A few examples of trabecular connectivity loss in the binary skeleton 

shown in (b) are highlighted in green; the matching regions in the fuzzy skeleton are also 

highlighted. It should be noted that the examples of in-plane connectivity loss of TB network 

as shown in (b) do not contradict with 3D topology preservation using simple points [29], 

which guaranteed by most skeletonization algorithms [39].

2.3 Trabecular Bone Measures

The output of the VTA algorithm is a local plate-width (PW) function PW: O → R+, where 

PW(p) yields the local TB plate-width in units of micrometers at a given bone voxel p ∈ O, 

R+ are real numbers. Three different measures of average bone density, namely, bone 

volume by total volume (BV/TV), plate-like BV/TV, and rod-like BV/TV, over a target 

region of interest (ROI) V are defined as follows:

(3)

(4)

(5)

The threshold THplate was determined based on observed results of TB BMD distribution 

over the range of TB plate-width (see Figure 7). A clear deflation of BMD distribution at the 

plate-width of ~450μm was noted on all curves in Figure 7. This deflation point of 450μm 

was used to determine the threshold separating plate-like and rod-like trabeculae.

The platelikeness and rodlikeness measures of a TB voxel p are defined using the 

eccentricity between the average TB thickness and the local plate-width as follows:
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(6)

(7)

The parameter avth was determined as the average TB thickness reported in [40]. Note that 

the platelikeness measure is modelled using the eccentricity of an ellipse; here the smaller 

diameter captures the structure thickness, while the larger one represents TB plate-width. It 

should be emphasized that the above formulation of platelikeness and rodlikeness requires 

no threshold value. The average plate-width and plate-to-rod ratio measures are defined as 

follows:

(8)

(9)

Besides the above measure, two measures of TB plate/rod micro-architecture, namely 

SCRDTA (surface-to-curve ratio) and EIDTA (erosion index), using the conventional method 

of digital topological analysis were computed using the protocol prescribed in [32].

3 Experiments

The aims of our experimental plans were—(1) evaluation of reproducibility for in vivo 
repeat MRI scans using VTA measures at wrist and knee and (2) assessment of the method’s 

ability to detect treatment effects in hypogonadal men subjected to testosterone treatment. 

For the first experiment, ultra high-field 7 Tesla (T) MRI of the distal femur at the right knee 

as well as 1.5 T MRI of the distal radius at the right wrist were used. For the second 

experiment, 1.5 T MRI of distal tibia was used.

MR Imaging

All MR datasets used in this paper were collected in vivo and several properties have 

previously been published [5, 7, 33, 41]. The knee MRI was collected at New York 

University [41]. The right distal femur of each subject was scanned on a 7T whole body MR 

scanner (Siemens Medical Solutions, Erlangen, Germany) using a quadrature knee coil (18 

cm diameter, transmit-receive). A high-resolution 3-D-fast low angle shot (FLASH) 

sequence was employed to obtain all images (TR/TE = 20/4.5; flip angle 10 degrees; 
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bandwidth 130 Hz/pixel; one signal acquired; 130 axial images with resolution 0.195 mm × 

0.195 mm × 1 mm). Scanning time was ~12 min total.

The wrist MRI data for assessment of reproducibility had been acquired previously at the 

University of Pennsylvania [33]. The right distal radius of each subject was acquired on a 

Siemens 1.5 T MAGNETOM Sonata MR scanner (Siemens Medical Solution, Erlangen, 

Germany), with a protocol described in detail in [33]. In brief, 3-D fast large-angle spin echo 

(3-DFLASE) sequence (36) yielded 0.137 mm × 0.137 mm × 0.410 mm voxel size. The 

imaging ROI of a 70 mm × 42 mm × 13 mm slab centered 7 mm proximal to the most 

proximal tip of the epiphyseal line was located during the first visit using a number of low 

resolution orthogonal 2-D localizer sequences. For follow-up exams, the 13 mm slab was 

selected by means of prospective registration [42].

For the second experiment assessing the sensitivity of the new bone measures to detect 

structural abnormalities, prior MRI data of the right distal tibia were re-examined to evaluate 

the TB micro-structural implications of hormone therapy in hypogonadal men. Full details 

of the prior studies are in [5, 7].

Subjects

For the knee reproducibility experiment, MR bone data of four healthy male subjects 

(35±7.8 years) [41], without history of fracture, musculoskeletal disorder, or any history of 

intake of bone altering medication were recruited in the Department of Radiology at New 

York University,. Each subject was scanned twice within the same day with repositioning 

between scans. For the wrist reproducibility experiment, previously acquired MR data of 

twenty women (62±8.1 years; 17 postmenopausal, three premenopausal), were used [33]. 

Exclusion criteria included a history of fracture or treatment for osteoporosis, a body mass 

index (BMI) greater than 30 kg/m2, and the presence of primary bone cancer or metastases 

to the bone. Each subject had been scanned three times over the course of 8 weeks with 

average interval between scans being 20.2 days (standard deviation = 14.5 days).

For the second experiment, TB MR data of a previous longitudinal study [7] on hypogonadal 

men under testosterone treatment were used. Specifically, 10 previously untreated 

hypogonadal men (age range: 18 to 80 years) were recruited under that study, and their TB 

MRI data at baseline, 6, 12, and 24 month visit under testosterone treatment [7] were 

collected. Full details of human subjects and imaging protocols are given in [7]. In brief: all 

10 men had secondary hypogonadism for a duration of more than 2 years with average 

duration of hypogonadism of 7.9 years (S.D. = 8.2 years). Men were excluded if they had 

been consuming less than 750 mg of calcium per day as determined by a food frequency 

questionnaire.

Image processing

Image processing steps are as follows: (1) BVF computation, (2) interpolation to 150 μm 

isotropic voxel size, (3) analysis using the improved VTA method, (4) ROI selection, and (5) 

computation of TB measures. BVF images were computed using intensity connectivity and a 

local marrow intensity computation approach without requiring global thresholding. In a 

BVF image, pixel intensity corresponds to the fractional occupancy of bone. BVF images 
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were resampled using the windowed-sinc interpolation method producing 150 μm isotropic 

voxel size, and the images were subjected to VTA analysis. We first draw the ROI manually 

on the first MR scan and generated ROIs of follow-up scans using transformation matrices 

that register original image of the first scan to follow-up scans. The process involves only 

ROI transformation and avoids interpolation related resolution loss of original BVF images. 

Finally, we compute proposed measures for each BVF image.

Statistical analyses

Statistical analyses that quantitatively assess reproducibility of the VTA derived TB 

measures in vivo repeat MR scans are: the mean, the root-mean-square of coefficients of 

variation, and the intraclass correlation coefficient. For each subject, the coefficient of 

variation (CV) of a given TB measure was calculated across repeat scans. For a given study 

and a given measure, an average CV was obtained as the root mean square average of CV 

across all subjects (denoted RMS-CV) to measure the global variability across repeat scans. 

In addition, the intra-class correlation coefficient (ICC) was computed as a measure of 

reliability via one-way analysis of variance (ANOVA). To examine a method’s ability to 

detect longitudinal changes in TB micro-architecture in the second experiment, we 

computed both p-values and effect-size of changes. The effect-size was computed as the 

mean paired change of a measure between baseline and follow-up normalized by the 

standard deviation of the paired changes among individual subjects.

4 Results

4.1 Reproducibility of TB Plate/Rod Measures in MR Repeat Scans

Matching image slices of distal radius from post-registered wrist MR repeat scans along 

with parametric images are shown in Figure 5. Color-coded renditions of VTA plate-rod 

classification over matching ROIs in three repeat scans of a subject from the wrist study is 

presented in Figure 6. Quantitative results of the reproducibility study are summarized in 

Table 1. RMS-CV values of repeat scans for knee and wrist MRI are in the range of [1.0%, 

4.7%] while the intra-class correlation coefficient (ICC) values are in the range of [0.93, 

0.97]. Similar values of ICC for reproducibility of DTA parameters SCRDTA and EIDTA 

were reported in [33]. For the knee MRI data, we computed the ICC values for SCRDTA and 

EIDTA and the observed values are 0.91 and 0.93, respectively.

4.2 Effects of Testosterone Treatments on T B Micro-Architecture in Hypogonadal Men

The baseline distribution of trabecular BVF at various TB plate-width among the 

hypogonadal men used in the testosterone study is presented in Figure 7. Changes in TB 

plate-rod micro-architecture at different follow-ups under the hormone therapy are presented 

in Figure 8. Figure 8(a–d) presents color-coded three-dimensional TB plate/rod micro-

architecture over matching ROIs from post-registered distal tibia MRI of a hypogonadal man 

at baseline, 6-, 12-, and 24-month follow-ups. Figure 8(e) depicts the mean changes in 

trabecular BVF distributions across TB plate-widths at three follow-up time points; see 

Table 2 for quantitative results.
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Figure 9 compares the effect-size of changes in different DTA and VTA measures of TB 

plate/rod micro-architecture under hormone therapy at baseline, 6-, 12-, and 24-month 

follow-ups. High effect-size was observed for the two VTA measures PRRVTA and PWVTA 

than the two DTA measures surface-to-curve ratio (SCRDTA), erosion index (EIDTA), 

especially, at 6- and 24-month follow-ups.

5 Discussion

5.1 TB Plate/Rod Measures and Their MR Repeat Scan Reproducibility

The significance of plate/rod distribution in trabecular bone has long been recognized. A 

large number of histologic studies [8, 9, 43] have confirmed the relationship between erosion 

of trabeculae from plates to rods and higher fracture risk. Kleerekoper et al. [8] found lower 

mean TB plate density in individuals with osteoporotic vertebral compression deformities 

compared with a BMD-matched control group without fractures. Recker [43] found 

differences in TB plate density on two BMD-matched groups with (lower density) and 

without (higher density) vertebral crush fractures. Various approaches have been reported to 

distinguish rod-like from plate-like trabeculae. Hahn et al. [20] expressed the relation of 

trabecular plates to rods in terms of the ratio of concave to convex surfaces of the bone 

pattern in two-dimensional histologic bone sections. Specifically, the ratio of trabecular 

plates and rods was defined in terms of the ratio of the differences in perimeter and area 

under a simulated dilation. This line of thought was extended into a direct 3-D measure of 

structure model index [21], where the global plate-to-rod ratio was expressed in terms of the 

ratio of volume change with thickness under simulated 3-D dilation. Notably, however, these 

prior studies were all based on bone biopsies.

In previous work, Saha and his colleagues developed DTA [29–32] that characterizes 

topological plates, rods, and junctions at individual TB voxels. This method was applied to 

in vivo studies assessing implications of hormonal changes [7, 44] or renal osteodystrophy 

[45] on TB plate-rod micro-architecture. DTA based assessment of TB micro-architecture 

revealed reduced trabecular plates in subjects with vertebral fracture [46] or deformity [34]. 

However, a major limitation of the DTA method is that resulting classifications are 

inherently discrete, failing to distinguish between narrow and wide plates. The balance 

between plates and rods during bone formation at younger ages, as well as during bone loss 

or anti-resorptive treatment, changes gradually and, therefore, demands classification of TB 

micro-architecture on the continuum between a perfect plate and a perfect rod. Also, 

theoretically, the discrete TB plate/rod classification by DTA is sensitive to image voxel size. 

For example, a trabecula classified as rod at one voxel size may be classified as a plate at a 

smaller voxel size. In contrast, the VTA algorithm solved the problem by computing local 

plate-width in the units of micrometers for individual trabeculae. Color-coded illustrations of 

the TB network in Figure 5 and Figure 6 confirm the method’s ability to classify individual 

trabeculae on the continuum between a perfect plate and a perfect rod. Regional agreements 

of TB plate/rod classification in repeat MR scans are visually observed in these figures. The 

three rows in Figure 6 represent repeat scans of TB from three different subjects with 

distinct trabecular plate/rod composition. The method successfully represents the large 

difference across the three subjects and shows much smaller variance at repeat scans. In Sec 
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5.2, we also compared DTA with VTA in measuring quality changes of TB micro-

architecture.

It is noted in Table 1 that RMS-CV values are small for all TB measures for both the knee 

and the wrist MRI studies. The lowest RMS-CV value of 1.0 was observed for the core VTA 

measure PWVTA, which indicates that the PWVTA measure is reproducible with 1.0% 

variability relative to its mean value. The ICC, i.e., the variability of the measure relative to 

the range of values obtained across the population, was found to be 0.93 and 0.95 for the 

same measure for the two studies. PRRVTA shows somewhat greater RMS-CV since the 

variability in both platelikeness and rodlikeness measures are combined in this ratio measure 

(see Eqn. 9). However, the observed ICC values of PRRVTA are similar to those of PWVTA, 

which suggests that the across-population variation of PRRVTA is higher than that of 

PWVTA. High reproducibility of the VTA measures establishes their suitability for clinical or 

research studies including multi-center studies and longitudinal ones where multiple follow-

up scans are needed.

Beyond the measures given in Table 1, the method yields unique information on the 

distribution of BV/TV at different values of trabecular plate-width (Figure 7). These 

distributions provide insight into the pathogenesis of bone degeneration (or, development) 

process at the level of TB micro-architecture. For example, besides early detection of 

trabecular bone conversion from plates to rods, the method is potentially capable of 

distinguishing gradual conversion of trabecular plates to rods from rapid perforation of 

trabecular plates. We observed that there is an apparent separation gap at around 450μm, 

which differentiates rod- and plate-like trabeculae.

5.2 Effects of Testosterone Treatments on TB Micro-Architecture in Hypogonadal Men

Benito et al. [5] reported the results of a two-year follow-up study [5] examining the effects 

of testosterone replacement treatment on TB micro-architecture using the same imaging 

tools. The MR image from these two studies were re-analyzed using the improved VTA 

algorithm. Here, we present the result and compare it with DTA in assessing effects of 

testosterone treatment on TB micro-architecture among hypogonadal men.

Figure 7 presents the distribution of TB volume at different plate-widths for hypogonadal 

men at different time-points in the follow-up study. Here, the VTA algorithm provides 

unique information not obtainable by DTA or any other existing tools. Figure 8(a–d) depicts 

the change in TB micro-architecture over a matching ROI for a hypogonadal subject during 

the two-year treatment period. A gradual and progressive shift in trabecular composition 

toward more plate-like structures is noted in the figure. The quantitative results of Table 2 

confirm this effect on TB micro-architecture of the hormone treatment. The mean plate-

width PWVTA and plate-to-rod ratio PRRVTA showed statistically significant changes as 

early as 6 months of the treatment. After 24 months of treatment, all TB measures showed 

statistically significant improvements, except BV/TVrod over rod-like trabeculae. BV/TVplate 

was found to increase 6.5% at the 6 months but did not quite reach significance (p = 0.07). 

Distributions of changes in BVF at different trabecular plate-width during the two-year 

treatment period are presented in Figure 8(e). At 12- and 24-month follow-ups, there is 

apparent increase in BVF around ~625 μm plate-width, which is close to the mean TB plate-
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width observed in Table 1. In Table 2, quantitative results of changes for two-year follow-up 

study on hypogonadal men during testosterone hormone therapy are presented. Figure 9 

presents the effect-size of changes of VTA and DTA measures at different follow-ups.

The above results shed light on the mechanism of hormone therapy in terms of TB micro-

architecture. A net increase in BV/TVplate occurs due to gradual conversion of TB rods into 

plates under hormone therapy, and the shift is detectable as early as at six months. On the 

other hand, the relative constancy of the BV/TVrod measure is associated with the 

uncertainty of the balance between the rates of rod to plate conversion and generation of new 

TB rods. While the conversion of TB rods to plates decrease rod density, generation of new 

TB rods increases it. These two opposite effects nearly cancel each other.

There is histologic evidence demonstrating improvements in TB microarchitecture in 

hypogonadal men after testosterone treatment. Baran et al. [47] reported increases in relative 

osteoid volume, total osteoid surface, linear extent of bone formation, and bone 

mineralization in an osteoporotic hypogonadal male after 6 months of testosterone 

replacement. Francis et al. [48] observed increased total and free plasma 1,25-

dihydroxyvitamin D in hypogonadal men on testosterone treatment, and bone biopsy at 6 

weeks after treatment confirmed increase in skeletal retention of calcium and bone formation 

by testosterone treatment. It is in accordance with our observations of positive changes in 

TB micro-architectural changes after testosterone treatment. The early detection of positive 

changes in TB microarchitecture using VTA in hypogonadal men after 6 months of 

testosterone treatment (Table 2) suggests that VTA may be a more responsive or sensitive 

way to monitor osteoporosis or treatment effect as compared to DTA or BV/TV, which 

required more time to detect treatment effects. Specifically, as compared to DTA measures, 

two VTA measures plate-width PWVTA and plate-to-rod ratio PRRVTA show statistically 

significant changes under treatment at six months, while none of the DTA measures 

produced significant difference at six months. In addition, VTA offers resolution-

independent measures in units of micrometers, and insight into the mechanism of a 

treatment at the level of individual trabecular plate/rod micro-architecture.

6 Conclusion

We improved the VTA algorithm to eliminate data loss in the binarization step using fuzzy 

skeletonization. The method offers reproducible measures of TB plate/rod micro-

architecture at in vivo MRI. It computes local plate-width and characterizes individual 

trabeculae on the continuum of a perfect plate and perfect rod. The method yields the width 

information of individual trabeculae and offers an insight speculation into the bone structure 

at micrometer level, which existing tools are not able to provide. By studying a group of 

human subjects, we observe a pattern of width distribution of human TB. The method is 

suitable for cross-sectional and follow-up studies toward answering clinical and biological 

questions. The method should be equally suited for studies with other modalities providing 

trabecular bone images with limited spatial resolution, including high-resolution CT. 

However, evaluation of the method’s full potential requires drug intervention studies in 

larger cohorts of patients.

Chen et al. Page 12

Phys Med Biol. Author manuscript; available in PMC 2017 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The method presented in this paper is based on direct microstructural analysis of TB 

network in high-resolution MR imaging, and provides measures of plate/rod distribution of 

individual trabeculae. Unlike the indirect methods, the morphologic interpretations of our 

measures are well defined, and histologic evidence confirms the relationship between 

osteoporosis and the gradual conversion of trabecular plates to rods, a process well known to 

increase fracture risk. Further, our method offers plate/rod characterization at the level of 

individual trabeculae, which may be useful as a regional biomarker, especially, in 

recognizing heterogeneous bone loss. Lastly, it would be worthwhile to compare the 

relationship between high-resolution image-based direct morphologic measures of TB 

micro-architecture and indirect MRI measures and their strengths and weaknesses in 

assessing fracture risk and their ability to monitor disease progression or response to 

treatment.
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Figure 1. 
(a) Trabecular bone plate/rod classification of trabecular bone using volumetric topological 

analysis. (b) Various measures on a schematic drawing of a plate-like structure. (c) Color-

coded geodesic distance transform from the surface edge, providing one half of the local 

plate-width at an axial point, e.g. the axial point a; but geodesic distance transform fails to 

provide local plate-width at a non-axial point, e.g., the point p. (b) Color-coded local plate-

width at a non-axial point, e.g., p, is derived from its “most-representative” axial point, here 

the axial point a.
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Figure 2. 
Intermediate steps of VTA. (a) A TB region from a μCT image of a cadaveric distal tibia. (b) 

Classified topological entities including plates (green), rods (red), edges (light colors), and 

junctions (blue) on the fuzzy skeleton of (a). (c–e) Color-coded (see Figure 1(a) for the color 

bar) display of geodesic distance transform (c), geodesic scale (d) and surface rendition of 

VTA results at individual trabeculae (e).
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Figure 3. 
Results of intermediate steps of fuzzy skeletonization. (a) 3-D display of TB region in a μ-

CT image of a cadaveric distal tibia specimen. (b) A sagittal image slice displaying the 

fuzziness in the image. (c) All quench voxels before filtering. (d) Results of final skeleton 

after filtering noisy quench voxels in (c); red arrows highlight noisy branches. (e) Results of 

local significance computation. (f) Final results after noisy branch pruning.
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Figure 4. 
Connectivity preservation of TB network using binary and fuzzy skeletonization methods. 

(a) The BVF map in an axial image of distal radius acquired in vivo at 1.5 T MRI. The 

regions with relatively thin trabeculae are highlighted with arrows. (b,c) Results of binary 

and fuzzy skeletonization. In-plane connectivity loss in the binary skeleton in (b) is 

highlighted in green; the matching trabeculae in (c) are also highlighted.
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Figure 5. 
Reproducibility of VTA-based characterization of TB plate/rod micro-architecture for in 

vivo repeat MR scans of the distal radius on a 1.5T whole-body MR scanner: (a) axial image 

and ROI (red). (b) Bone volume fraction (BVF). (c) VTA-based color-coded plate/rod 

classification of individual trabeculae. (d–f), (g–i) Same as (a–c) over the matching image 

slice from the post-registered repeat scan data.
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Figure 6. 
Reproducibility of the TB plate-width measure for in vivo MR repeat scans of distal radius. 

(a) Color-coded 3-D rendition of local TB plate-width in post-registered virtual image cores 

from three MR repeat scans of a subject. (b,c) Same as (a) for two other subjects with 

different TB characteristics. For each subject, the mean and standard deviation of the TB 

plate-width and plate-to-rod ratio measures across three repeat scans are indicated.
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Figure 7. 
The baseline trabecular BVF distribution at various TB plate-widths among hypogonadal 

men from the testosterone treatment study. The shaded area represents the mean ± std of 

trabecular BVF values at corresponding TB plate-width.
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Figure 8. 
Changes in TB plate/rod micro-architecture over a 24-month MRI study monitoring effects 

of hormone therapy in hopogonadal men. (a–d) Color-coded display of TB plate/rod 

classification from distal tibia MRI at baseline, 6-, 12-, and 24-month follow-ups. (e) Mean 

changes of BVF at different TB plate-width in ten hypogonadal men as observed at different 

follow-ups.
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Figure 9. 
Effect-size of changes in different TB measures from MRI at 6-, 12-, and 24-month follow-

ups under the testosterone hormone therapy in ten hopogonadal men.
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