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Introduction

The osteogenic effect of exercise training is supported by
numerous cross-sectional and intervention studies among a va-
riety of animal1-4 and human cohorts5-9. Observed beneficial
changes from long-term exercise training include enhanced
mineralization, cortical adaptation, or a combination of
both7,10,11. Turner and Robling have developed an equation to
predict the osteogenic potential of exercise through calculation
of an osteogenic index (OI) that takes into account intensity of
exercise, the number of loading cycles, and exercise volume12.

This index was used in a recently published companion paper
to determine if the predicted OI of three controlled, periodized
8-week exercise programs was related to changes in serum
markers of bone turnover13. While there was no consistent re-
lationship between OI and bone turnover, the investigators ob-
served a small but significant increase in volumetric bone
mineral density (vBMD) at the distal tibia in cross-sectional
images of trabecular bone in the high-impact exercise group.
This finding may represent a site-specific adaptation to impact
exercise in humans which is discernable earlier than conven-
tionally thought.

Animal studies have demonstrated that there are detectable,
site-specific adaptations in both geometry and mineralization
following short-term exercise interventions. Evidence suggests
that osteogenesis is greatest in the early phase of a loading in-
tervention, with cortical bone formation apparent at the pe-
riosteal and endocortical surfaces after just six weeks of
loading1. Significant gains in total cortical area of the tibial
and femoral diaphyses, reflected in increased periosteal
perimeter, were observed following as few as 5-20 jumps per
day in young rats2. Early changes in trabecular bone mass pa-
rameters at the proximal tibia have been observed following a
six-week program of progressive resistance training in adult
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rats3, and after three weeks of treadmill running in young rats4.
These changes were local, both in terms of site (e.g., epiphy-
seal vs. diaphyseal), surface (e.g. periosteal vs endosteal), and
region (e.g., anterior vs. posterior), with different regimens
leading to differing localized effects. 

Whether similar site-specific short-term responses are dis-
cernable in humans, whose remodeling cycle is longer than
small animals, requires a refined analysis of noninvasive im-
ages. Peripheral quantitative computed tomography (pQCT)
has been validated and used extensively to assess mineraliza-
tion and geometry parameters of cross-sectional images14,15. Ex-
ercise-related adaptations of cortical bone area and thickness,
periosteal area, and trabecular density have been observed in
pQCT images in the dominant arm of tennis players5,6. Similar
differences in geometry and trabecular density of the lower ex-
tremity are evident when comparing the femur and tibia of
triple jumpers and matched controls7. Recently, pQCT has suc-
cessfully measured changes in bone parameters resulting from
exercise interventions among children16-19. 

In addition to its utility in assessing bone parameters calcu-
lated from a whole bone cross-section, pQCT and has recently
been used to assess polar-regional measurements in the cortical
bone of animals20 and humans21, and trabecular bone in hu-
mans22. Regional analysis of pQCT images of the proximal
tibia has also revealed site-specific changes in bone mass fol-
lowing a high-impact exercise intervention combined with hor-
mone replacement therapy in postmenopausal women23,
suggesting that this method may be valuable in detecting early
site-specific regional changes in bones of the lower extremity.
The authors of this paper recently reported use of a similar
analysis technique to assess sector-by-sector differences in
bone composition and morphology between male and female
members of a military cohort24. 

The purpose of this study was to expand on previous work13

to determine whether regional changes in bone mineralization
and geometry of the tibia were evident in the pQCT images of
healthy college-aged women following one of three rigorous
exercise interventions with varied osteogenic indices. 

Methods
Subjects

Seventy young, healthy college women were enrolled in this
study, which was approved by the United States Army Re-
search Institute of Environmental Medicine (USARIEM), Uni-
versity of Connecticut (UCONN), and Medical Research and
Materiel Command (MRMC) Human Subjects Research Re-
view Boards (HSRRB). All volunteers were asked to read and
sign an informed consent document prior to participation.
Women who were smokers, pregnant, lactating, or participat-
ing in physical training activities more than twice per week in
the preceding six months were excluded from participation.
Additionally, women identified during a medical examination
as having any endocrine, orthopedic, menstrual cycle distur-
bances, or other pathologic processes were excluded. Partici-
pants who were taking oral contraceptives were included in

the study. Investigators adhered to AR 70-25 and USAMRMC
Regulation 70-25 and provisions of 32 CFR Part 219 on the
use of volunteers in research. 

Experimental Design 

All volunteers selected for this study reported exercising fewer
than 2 days per week prior to the study. Volunteers participated in
testing and training over a 13-week period, 8 of which involved
taking part in a supervised training intervention. The 8-week reg-
imen was selected to best allow for the program(s), if effective,
to be incorporated into an 8-week military recruit training pro-
gram. (Please see Tables 1-3 in Lester, et al., 200913 for detailed
training schedules.) Volunteers were tested for dependent vari-
ables of interest at baseline (Pre), after 4 weeks of training (Mid),
and after 8 weeks of training (Post), occurring over a total study
duration of 13 weeks. Following baseline testing a randomized
block procedure, based on entry-level fitness tests, was used to
assign qualified participants to one of three exercise groups (aer-
obic, resistance, or combined training), or a control group. An
analysis of variance was performed to ensure the most equal dis-
tribution of subjects based on the following descriptive variables
(in order of priority): height, weight, bone mineral content, men-
strual cycle status, bench press strength, and squat strength.

Procedures

Anthropometrics 

Height (cm) was measured using a stadiometer, and body
mass using a digital scale (kg). Tibial length was measured
using a leg length caliper. Measurement was taken from the
central point of the medial malleolus to the central point of the
medial tibial condyle and recorded in mm. 

Training Interventions

All training sessions were supervised and individualized ac-
cording to each volunteer’s physical capacities, and were per-
formed on three non-consecutive days each week. Certified
strength and conditioning specialists oversaw all training ses-
sions to ensure proper progression and to offer instruction and
motivation. The sessions began and ended with a 5-10 minute
warm-up and cool-down which included light jogging, calis-
thenics, and stretching. A detailed description of the aerobic
(AER), resistance training (RES) and combined aerobic-resis-
tance training (COM) regimens, to include predicted os-
teogenic index (OI), are described in a previous publication13,
and are summarized as follows. Volunteers in the AER group
performed high-impact aerobic/running-based exercise ses-
sions. Individuals assigned to the RES group followed a non-
linear periodized model in which load and repetition were
varied on a daily basis (light, moderate or heavy). The COM
aerobic-resistance group performed the entire training regimen
of both the AER and RES exercise programs during a single
session, with the resistance exercise performed first. Mean
weekly OIs were 20.6±2.2 for the AER group (range 15.7-
23.6), 16.0±1.9 for the RES group (range 13.4-20.1), and
36.9±5.2 for the COM group (range 27.9-43.9). The CON
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group was asked to refrain from participating in any structured
exercise program for the duration of the study. 

Peripheral quantitative computed tomography (pQCT)

Peripheral quantitative computed tomography (Stratec
Medizintechnik, Pforzheim, Germany XCT 3000) was used to
measure bone characteristics of the tibia. To assure measure-
ment quality, a calibration check was performed on each data
collection day by scanning a standard phantom with known
densities of 168.5, 317.4 and 462.5 mg/cm3. Volunteers were
positioned on a chair with the non-dominant leg (as assessed
by self-reporting) extended through the scanning cylinder and
were asked to maintain a convenient and stable position for
the duration of the procedure (10-15 minutes). Initial scout
scans were conducted at a scan speed of 40 mm/sec to identify
the distal end plate of the tibia. Following this, scans of the
tibia (single axial slices of 2.4 mm thickness, voxel size 0.4
mm, measure diameter 140 mm) were taken at a translation
speed of 20 mm/s at 4%, 38%, and 66% of the measured tibial
length proximal from the distal endplate of the tibia. These
sites are typically used to analyze trabecular (4%) and cortical
(38% and 66%) bone characteristics of the tibia. 

Image Analysis Procedure

The goal of this study was to assess whether subtle site-specific
changes in bone could be visualized following short-term exercise
training. For this reason, rather than using the default measures
exported from the Stratec pQCT software, we further refined a
novel procedure described previously24 that would allow us to
quantify potential changes in density and geometry within sectors.
Image sets obtained using pQCT were analyzed using software
written in Matlab (MathWorks, Natick, MA) which we called
BAMpack- the Bone Alignment and Measurement package.

To standardize positioning of the images across all scans the
image sets first underwent a rotation and registration procedure.
Each 4% slice image was centered on the tibial perimeter. The 38%
and 66% slices were centered on the intramedullary canal, as the
neutral axis seems better defined by the center of the canal than
the center of the periosteal boundary. Improvements to BAMpack
implemented in this study included new automatic image rotation
and alignment algorithms. For most subjects the 10 degree sector
(at the 66% scan) with the greatest cortical area was used to con-
sistently define the anterior tibia, though for 4 subjects with thick
posterior cortices the images were rotated manually. The 4% and
38% images were then rotated accordingly by the same angle as
at 66%. The images from two subjects who had images collected
from their right legs were inverted so that they could be compared
with the left tibias of the other subjects. Alignment was checked
for each subject by overlaying plots of the periosteal boundaries
for each subject. The maximum permissible alignment error was
verified during a position sensitivity study of cadaveric tibiae (data
not shown). Goodness of alignment was determined by comparing
the coordinates of registration points on the boundary of the Master
image with the Slave image. Distance between Master-Slave reg-
istration point pairs was calculated followed by the mean Root

Mean Square (RMS) value for all registration pairs. Image sets
whose mean RMS alignment error was greater than our alignment
threshold are discarded. A later validation study was conducted
with 11 cadaveric tibiae in which scans were collected 1 slice thick-
ness (2.5 mm) at, above and below the nominal scan locations of
4%, 38%, and 66% of tibial length. These images were analyzed
with BAMpack to see what the mean RMS error was for a 2.5 mm
axial positioning error, and its effect on internal measurements such
as Tb.Dn. Based on this study, it was confirmed that internal meas-
urement comparisons are meaningful as long as the mean RMS
value is less than <0.4 mm.

After isolating the tibia from the fibula in each image, each
voxel within the tibia was classified based on its density value
as being either trabecular (100-600 mg/cm3), transitional (600-
800 mg/cm3), or cortical (800-1500 mg/cm3). Histograms for
each image indicated there were relatively few pixels in the
transitional zone, which is in keeping with the known separa-
tion between cortical and trabecular density values. 

In addition to calculating cross-sectional parameters of bone
mineralization, geometry and strength at each scan site, tissue
density, cortical area, and cortical thickness were also calculate
by polar region. Images were divided into 36 10o polar sectors,
using the positive x-axis as the 0o reference point and moving
counter-clockwise. These values were used to visualize the re-
sults in polar plots. Statistical analysis, however, was accom-
plished by calculating values for six 60o polar sectors, as
follows: Lateral Anterior (Lat-Ant), Anterior (Ant), Medial
Anterior (Med-Ant), Medial Posterior (Med-Post), Posterior
(Post), and Lateral Posterior (Lat-Post) (Figure 1). 

Figure 1. Analysis image at the 66% slice of the left tibia, looking
proximally, and centered on the intramedullary canal. Closed circles
represent the periosteal boundary, and open circles the endosteal
boundary. Image was divided into six 60o sectors, as follows, using
the positive x-axis as the 0o reference point and moving counter-
clockwise. Lateral Anterior (Lat-Ant), Anterior (Ant), Medial Ante-
rior (Med-Ant), Medial Posterior (Med-Post), Posterior (Post), and
Lateral Posterior (Lat-Post).
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Volumetric Measures of Bone Mineralization

Trabecular density, TrDn (mg/cm3). After converting grayscale
values to tissue densities using calibration constants, the average
of all voxels falling within the trabecular thresholds (100-600
mg/cm3) were calculated for the entire cross-section and for each
10o and 60o polar sector at the 4% site. 

Cortical density, CtDn (mg/cm3). After converting grayscale
values to tissue densities using calibration constants, the aver-
age of all voxels falling within the cortical threshold of 800-
2500 mg/cm3 was determined for the entire cross-section and
for each 10o and 60o polar sector at both the 38% and 66% sites.

Measures of Bone Geometry

Total cross-sectional area, TtAr (mm2). Total cross-sectional
area of images taken at the 4%, 38%, and 66% sites was cal-
culated by counting the number of pixels circumscribed by the
sub-periosteal boundary, and then multiplying by the image
resolution.

Cortical area, CtAr (mm2). The areal sum of the voxels in
the cortical range was used to determine cortical area (mm2)
at the 38% and 66% sites. Calculations were made for each
polar sector (e.g., Ct.ArLat-Ant) and for the whole tibial cross
section (Ct.ArTot).

Marrow area, MaAr (mm2). The areal sum of the voxels cir-
cumscribed by the endosteal boundary.

Tibial diameter (anterior-posterior (AP) and medial-lateral
(ML) (mm)). Diameter of the tibia at the 4%, 38%, and 66%
sites was calculated by measuring the distance (mm) from the
locations of the voxels at the greatest directional extent in the
AP and ML directions. 

Sub-periosteal perimeter, PPm (mm). Periosteal perimeter
was calculated by first identifying the outermost cortical vox-
els, then smoothing the boundaries by averaging coordinates
of neighboring voxels, and then summing the distances be-
tween the smoothed boundary voxels. 

Endosteal perimeter, EPm (mm). Endosteal perimeter was
calculated by first identifying the innermost cortical voxels,
then smoothing the boundaries as described above. 

Measures of Bone Strength

Cross-sectional area moments of inertia (IAP, IML, J, mm4).
Moments of inertia (IAP and IML) were calculated about the an-
terior-posterior and medial-lateral axes, respectively, as a

measure of bending strength independent of the degree of cor-
tical mineralization. The polar moment of inertia (J= IAP+IML)
provided a measure of torsional strength. Moments of inertia
were calculated at the 38% and 66% sites using only those
voxels in the cortical threshold range.

Statistical Analysis

Cross-sectional and sector parameters were analyzed using
a repeated measures ANOVA with time (3 time points) and
group (4 groups) as factors (SPSS, v15.0, Chicago, IL). Sig-
nificant time by group interactions were further analyzed using
Fisher’s LSD post-hoc testing to assess pre-post changes P-
value was set at P≤0.05.

Results

Of 70 volunteers who consented, 58 completed the study.
Of these, the images collected from 1 subject were discarded
due to excessive motion artifacts in the image. Included in our
final analysis were images from 57 women. Volunteer charac-
teristics are presented in Table 1. All but three volunteers were
right leg dominant. There were no between-group differences
at baseline for any of the volunteer characteristics.

Examination of Transitional Zone

Subcortical pixels comprise about 95% of the bone pixel area
at 4% of tibial length, 15% of bone pixel area at 38% of tibial
length and 24% of the bone pixel area at 66% of tibial length.
Transition zone pixels accounted for 3.5% of subcortical pixels
at 4%, 17.9% of subcortical pixels at 38%, and 15.6% of subcor-
tical pixels at 66%. The transitional area, as a percentage of sub-
cortical area, changed less than 1% at all time points and scan
locations. In order to make it more likely that the statistical analy-
sis focused on changes derived from true trabecular and true cor-
tical pixels -and not potential partial volume artifacts- we did not
include transitional zone pixels in the statistical analysis.

Volumetric Measures of Bone Mineralization

Cross-sectional analysis of whole bone at the 4% site yielded a
significant time X group interaction for trabecular density, TrDn
(p=0.01). Post-hoc analyses revealed small but significant pre-post
increases in TrDn for both the aerobic (279.8 to 283.1 mg/cm3,
P<0.001) and combined (285.1 to 287.5 mg/cm3, P=0.001) ex-
ercise groups (Table 2). 

All N=57 Control N=10 Aerobic N=14 Resistance N=16 Combined N=17

Age (yr) 20.1±1.6 19.7±1.42 21.07±1.90 20.06±1.84 20.06±1.56
Height (cm) 165.3±6.3 165.35±7.04 165.46±6.05 164.49±7.95 164.64±7.14
Weight (kg) 66.0±8.2 65.98±8.19 64.99±6.79 65.03±8.37 65.36±12.27
Body Fat (%) 32.3±6.6 31.70±9.78 33.72±5.48 31.23±5.66 32.61±6.48
Tibia Length (mm) 352.4±18.7 350.7±24.94 355.65±15.76 353.62±20.63 352.35±18.72

Table 1. Volunteer characteristics (mean±SD).
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Control (n=10) Aerobic (n=14) Resistance (n=16) Combined (n=17)

Pre Post Pre Post Pre Post Pre Post

4% site:

Trabecular density (mg/cm3) 294.2 293.8 279.8 283.1** 294.8 295.4 285.1 287.5**
(12.2) (12.2) (37.1) (36.0) (37.2) (36.7) (24.6) (22.9)

Total cross sectional area (mm2) 1105.2 1093.1 1079.2 1085.4 1055.4 1057.7 1039.7 1039.4
(98.0) (100.4) (117.6) (114.6) (136.1) (146.6) (106.4) (114.3)

Sub-periosteal perimeter (mm) 129.3 127.6 126.9 128.2 125.3 126.3 124.1 125.6
(6.0) (5.9) (7.3) (8.2) (9.5) (10.3) (7.0) (10.2)

AP diameter (mm) 35.4 35.2 34.6 34.7 34.0 34.0 34.3 34.4
(1.9) (1.9) (2.2) (2.2) (2.2) (2.5) (2.3) (2.6)

ML diameter (mm) 41.2 40.5 40.9 41.4 40.3 40.3 39.5 39.5
(2.5) (2.4) (2.8) (3.2) (2.5) (2.5) (2.4) (2.5)

38% site:

Cortical density (mg/cm3) 1190.7 1190.8 1199.3 1196.9 1198.1 1195.7 1193.1 1191.5
(18.1) (18.6) (15.2) (18.4) (18.1) (16.1) (13.0) (13.8)

Total cross sectional area (mm2) 340.1 341.8 323.4 327.2** 322.8 323.1 323.2 326.6**
(40.0) (40.1) (34.4) (36.6) (39.8) (38.6) (33.1) (33.8)

Cortical area (mm2) 267.6 268.5 252.9 254.8 258.5 259.5 252.3 253.3
(26.6) (26.0) (27.2) (27.7) (39.3) (37.6) (24.8) (23.3)

Marrow area (mm2) 72.5 73.3 70.5 72.4* 64.3 63.6 70.9 73.3**
(24.4) (24.5) (21.3) (22.3) (10.4) (10.8) (11.5) (13.4)

Sub-periosteal perimeter (mm) 71.9 72.0 70.1 70.2 70.1 70.0 70.3 70.4
(4.2) (4.1) (4.1) (4.0) (3.9) (3.9) (4.2) (4.3)

Endosteal perimeter (mm) 35.8 36.0 36.3 36.3 34.8 34.8 36.4 36.6
(4.8) (5.1) (5.3) (5.4) (2.6) (2.6) (3.5) (3.6)

AP diameter (mm) 25.6 25.6 24.5 24.6 25.2 25.1 24.9 25.0
(1.6) (1.7) (1.8) (1.9) (1.5) (1.4) (2.1) (2.1)

ML diameter (mm) 19.2 19.1 19.6 19.6 18.9 19.0 19.3 19.3
(1.6) (1.6) (1.4) (1.4) (1.4) (1.5) (1.4) (1.5)

I (AP) (mm4) 7429 7433 7329 7395 6761 6852 6940 6995
(1799) (1775) (1774) (1821) (1640) (1670) (1639) (1549)

I (ML) (mm4) 13805 14010 11934 12175 12584 12560 12532 12626
(2871) (2997) (2533) (2692) (2969) (2788) (3209) (3131)

J (mm4) 21235 21443 19263 19571 19346 19413 19472 19621
(4442) (4488) (3913) (4096) (4459) (4331) (4478) (4264)

66% site:

Cortical density (mg/cm3) 1162.9 1163.1 1168.8 1169.3 1170.8 1168.5 1167.3 1166.2
(16.4) (12.8) (15.9) (18.9) (15.6) (15.9) (13.3) (12.2)

Total cross sectional area (mm2) 445.2 446.3 433.7 434.6 419.4 418.6 422.6 425.1
(60.6) (59.7) (50.7) (48.4) (46.4) (46.3) (42.2) (41.9)

Cortical area (mm2) 295.8 294.8 281.1 280.1 290.1 289.8 285.5 286.2
(29.4) (30.8) (31.0) (32.8) (38.4) (36.5) (26.6) (25.6)

Marrow area 149.4 151.5 152.5 154.6 129.3 128.8 137.1 138.9
(40.7) (38.8) (34.7) (36.4) (25.8) (25.1) (24.7) (25.5)

Sub-periosteal perimeter (mm) 86.2 85.9 84.3 84.3 82.9 82.8 83.1 83.4
(5.3) (5.2) (5.4) (5.4) (4.2) (4.3) (4.5) (4.5)

Endosteal perimeter (mm) 52.3 52.8 52.9 52.9 49.5 49.4 50.4 50.6
(5.8) (5.4) (6.1) (6.2) (4.7) (4.8) (4.3) (4.3)

AP diameter (mm) 31.7 31.7 31.2 31.3 31.5 31.5 31.0 31.2
(1.6) (1.5) (2.2) (2.2) (1.7) (1.7) (2.1) (2.1)

ML diameter (mm) 22.1 22.1 21.9 21.9 20.9 20.9 21.4 21.5
(2.3) (2.5) (1.7) (1.8) (1.9) (1.9) (1.7) (1.7)

I (AP) (mm4) 10842 10831 10168 10139 9405 9384 9733 9823
(3144) (3082) (2429) (2498) (2377) (2391) (2017) (2037)

I (ML) (mm4) 26628 26730 24654 24545 24653 24443 24101 24338
(4730) (4810) (5100) (5088) (5036) (4808) (5080) (5114)

J (mm4) 37470 37561 34822 34684 34059 33827 33833 34161
(7642 (7635) (7172) (7148) (6964) (6720) (6622) (6688)

** P<0.01 * P≤ 0.05

Table 2. Cross-sectional parameters (mean (SD)) of bone density, geometry, and strength at sites 4%, 38%, and 66% from the tibial endplate at
baseline (pre) and 8 wks (post) following exercise intervention.
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Values calculated for each 60o sector are presented in Table
3. Sector analysis revealed significant time X group interac-
tions at the medial aspect of the distal tibia (medial-anterior
and medial-posterior sites, P=0.03). Post-hoc analyses of these
sectors indicate that pre-post increases in TrDn were observed
for each exercise condition at the medial-posterior sector
(P<0.01), and additionally in the medial-anterior sector in the
aerobic group (P<0.01), as depicted in polar plots that repre-
sent pre-post analysis for all sectors (Figure 2). Individual per-
centage changes in TrDn in the medial-posterior sector are
displayed in Figure 3. The aerobic subject with 11.76% tra-

becular density increase started with a baseline Med-Post den-
sity of 279.12 mg/cm3 versus 287.13 mg/cm3 for her cohort.
The Combined group outlier with 8% increase had a baseline
density of 238.6 mg/cm3- well below the 291.6 mg/cm3 aver-
age for her cohort. These suggest that the combination of low
starting trabecular density and impact training may lead to
larger increases in trabecular density.

Values for CtDn are presented in Table 2. We did not ob-
serve significant changes for CtDn in whole bone cross-sec-
tional images or at any of the 60º sectors.

Control (n=10) Aerobic (n=14) Resistance (n=16) Combined (n=17)

Pre Post Pre Post Pre Post Pre Post

4% TrDn (mg/cm3)

C Lat-Ant 294.3 294.7 284.9 286.9 299.42 298.4 288.7 288.7
(14.5) (13.9) (43.6) (42.4) (39.2) (37.8) (28.4) (28.0)

Ant 280.1 280.05 267.9 270.9 278.6 280.5 267.7 270.3
(14.9) (1.40) (45.3) (47.0) (34.6) (33.5) (25.2) (25.2)

Med-Ant 281.5 278.1 264.5 268.9** 274.9 274.4 269.0 270.3
(23.8) (19.7) (36.7) (36.4) (35.07) (35.1) (20.3) (17.7)

Med-Post 301.6 302.8 287.1 294.2** 295.7 301.3** 291.6 296.1**
(23.7) (25.2) (30.6) (30.0) (43.1) (44.3) (30.4) (29.0)

Post 305.9 305.6 287.5 290.0 309.6 309.3 296.8 299.7
(25.8) (28.4) (39.4) (41.2) (43.6) (43.9) (33.4) (31.4)

Lat-Post 301.2 301.9 284.2 285.0 310.0 309.2 295.7 299.0
(28.5) (26.2) (46.4) (44.2) (47.2) (47.4) (33.1) (32.5)

38% CtDn (mg/cm3)

Lat-Ant 1187.8 1185.7 1196.8 1196.9 1198.3 1199.1 1186.5 1187.8
(14.0) (14.3) (20.7) (21.0) (17.4) (16.3) (17.2) (14.2)

Ant 1154.3 1156.7 1163.8 1161.4 1167.7 1165.2 1155.8 1156.1
(28.5) (29.6) (32.0) (30.8) (26.8) (25.6) (17.3) (23.1)

Med-Ant 1192.1 1191.8 1204.7 1205.5 1196.6 1199.8 1198.8 1197.0
(18.3) (27.7) (21.1) (24.1) (18.1) (19.8) (19.2) (18.3)

Med-Post 1209.9 1209.5 1216.0 1211.6 1214.3 1208.4 1212.5 1207.7
(25.8) (25.8) (14.2) (20.3) (18.2) (26.4) (18.0) (15.4)

Post 1204.5 1199.5 1207.0 1206.9 1201.0 1201.1 1207.0 1203.3
(21.3) (21.4) (20.3) (21.6) (22.8) (19.2) (20.0) (21.9)

Lat-Post 1222.0 1227.1 1232.8 1226.2 1232.3 1223.5 1226.0 1223.9
(12.7) (14.0) (21.9) (22.9) (21.7) (20.7) (19.4) (14.2)

66% CtDn (mg/cm3)

Lat-Ant 1139.2 1141.4 1137.3 1137.4 1142.6 1137.9 1143.4 1140.5
(21.4) (21.4) (34.5) (27.6) (20.6) (25.9) (15.4) (23.9)

Ant 1120.6 1127.7 1136.1 1137.2 1137.9 1139.4 1128.3 1128.5
(35.2) (29.0) (27.4) (35.7) (24.3) (27.4) (22.1) (20.4)

Med-Ant 1174.1 1171.1 1185.6 1179.7 1177.4 1166.9 1180.4 1172.3
(29.8) (11.7) (21.6) (22.7) (22.1) (21.5) (18.5) (17.3)

Med-Post 1193.6 1185.1 1202.8 1196.1 1200.0 1200.8 1192.0 1197.8
(21.9) (20.3) (16.7) (38.3) (15.5) (21.7) (21.6) (14.9)

Post 1193.3 1185.5 1187.4 1185.2 1191.2 1183.9 1194.6 1188.6
(20.1) (18.5) (24.4) (22.4) (18.0) (17.2) (16.7) (19.6)

Lat-Post 1183.1 1190.3 1181.6 1195.4 1191.3 1194.0 1185.0 1189.7
(34.4) (19.5) (15.5) (16.2) (23.0) (19.8) (14.5) (16.6)

**P<0.01 *P≤0.05

Table 3. Regional parameters (mean (SD)) of volumetric bone density (mg/cm3) at sites 4%, 38%, and 66% from the tibial endplate at baseline
(pre) and 8 wks (post) following onset of exercise intervention.
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Measures of Bone Geometry

Values for geometric measures at the 4, 38, and 66% sites
are presented in Table 2. Significant time X treatment interac-
tions were noted at the 38% site for total cross-sectional area
(P=0.04) and marrow area (P=0.02), and for AP diameter at
the 66% site (P=0.04). Post hoc analyses at the 38% site re-
vealed significant pre-post increase in total cross-sectional area
for the AER (P=0.002) and COM (P=0.003) groups. A con-
comitant pre-post increase in marrow area was observed in the
AER (P=0.02) and COM (P=0.001) groups. There were no sig-
nificant changes for any group for measures of cortical area,
sub-periosteal or endosteal perimeters. There were no signifi-
cant post hoc pre-post changes noted at the 66% site. 

Measures of Bone Strength

Cross-sectional area moments of inertia (IAP, IML, J) are pre-
sented in Table 2, and exhibited no significant changes related
to exercise intervention. 

Discussion

We developed a pQCT imaging analysis program designed
to detect subtle regional changes that might be obscured by
whole-image measurements. These changes represent an early
bone adaptation response following training programs de-
signed to be osteogenic. Figure 2 clearly visualizes the small
but significant increases in TrDn at the medial aspect of the
ultra-distal tibia (4% site) following 8 cumulative weeks of
aerobic, resistance, and combined aerobic and resistance ex-
ercise training (distributed over 13 total weeks); no changes
occurred in the control group. We also observed increases in
total cross-sectional area and marrow area at the distal tibial
shaft, however these changes were small, occurred to a mini-
mal extent in the control group, and were not accompanied by
changes in sub-periosteal or endosteal perimeter measures. 

The increases in TrDn at the distal tibia are similar outcomes
to animal studies, which found increased trabecular bone mass,
thickness and number in cancellous bone of the rat tibia fol-

Figure 2. Polar plots depicting values for trabecular density at each 10o sector at baseline (closed circles) and after completion of an 8-week exercise
intervention (open circles). CON= control group; AER= aerobic training; RES= resistance training; COM= combined aerobic and resistance training.
Statistical analysis was conducted at each 60o sector (Lateral Anterior (Lat-Ant), Anterior (Ant), Medial Anterior (Med-Ant), Medial Posterior
(Med-Post), Posterior (Post), and Lateral Posterior (Lat-Post)). ** denotes a statistical pre-post difference at annotated sector (P<0.01).
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lowing short-term exercise interventions3,4. Our results also
agree, in principal, with other studies that have used pQCT in
some manner to monitor changes in bone. Findlay et al. found
that pQCT of the distal tibia had the potential to be the most
sensitive site for measuring morphological changes following
tibial fracture25. Similarly, Veitch et al. found trabecular bone
to be the best sentinel for measuring changes following frac-
ture26. This early trabecular modeling is consistent with its
faster remodeling rate compared to cortical bone, a fact owed
to its greater surface area27. Given the appreciably increased
mineral density evident in the distal tibia of triple jumper ath-
letes7 it is conceivable that increased trabecular density could
be an early response to exercise intervention. It should also be
noted that the control group had a higher baseline TrDn (294.2
mg/cm3) than the combined (285.1 mg/cm3), and especially
the aerobic (279.8 mg/cm3) group. Starting with lower initial
TrDn could have predisposed the aerobic and combined groups
to greater increases from the intervention. The increase could
also have been due tor trabecularization of previously cortical
bone, though at the 4% site, there are relatively few voxels
which were within cortical thresholds to begin with.

We did not observe changes in CtDn at the diaphyseal re-
gion of the bone at either the 38% or 66% sites. This would
agree with cross-sectional studies indicating that increased
CtDn is not an expected exercise-induced adaptation. In a
study comparing athletes, cortical density has been found sim-
ilar in jumpers, swimmers, and controls10. Even tennis players
exhibit similar CtDn in the dominant and non-dominant arms6.
We hypothesized, though did not observe, that any expected
beneficial cortical change would be most observable in the an-

terior sector where density is slightly lower and thus has a
greater potential for observable increase. We did observe that
the posterior cortex had a higher cortical density than the an-
terior cortex, both at the 38% and 66% sites, which has been
documented previously21. Site-specific changes in CtDn may
be expected primarily in instances of overuse, when extensive
remodeling at sites of excessive loading lead to transient de-
creases in density and bone stress reactions28. As our exercise
interventions were designed to prevent bone stress injuries, we
did not expect to see changes indicative of overuse. 

Subtle, significant changes in total cross-sectional area were
observed at the 38% site in both aerobic and combined exer-
cise groups, however this was not accompanied by evidence
of periosteal expansion through increases in cortical area or
sub-periosteal perimeter. This is in contrast to animal studies
that evidence significant and observable periosteal perimeter
expansion following jump training29. It is likely that a more
intense and longer duration exercise regimen that incorporates
high-impact jumping and sprinting activities would be required
to yield similar changes at the diaphysis in humans It is possi-
ble that a change in circularity increased the area while pre-
serving the perimeters, but the authors feel a more likely
explanation is lack of precision in the perimeter calculation.
The approximately 1% increase in total area should have had
a concomitant perimeter increase of approximately 0.6%. At
the 38% location, this would be 0.4 mm, or 1 additional pixel.
Such small changes could easily be obscured by the boundary
smoothing technique used to calculate perimeters. 

Geometric measures may also be susceptible to “partial vol-
ume effects”30. This is particularly true at the endosteal and pe-

Figure 3. Percentage changes in TrDn for the Medial-Posterior sector. CON= control group; AER= aerobic training; RES= resistance training;
COM= combined aerobic and resistance training.
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riosteal boundaries of the diaphysis, and in the trabecular bone
that dominates the epiphyses of long bones. Morphological
changes will be harder to detect than changes in mineralization
due to the number of pixels involved in calculating the
changes. While morphological changes depend on changes in
the boundary pixels, density changes are calculated from all
pixels in the cortical region, of which there are approximately
ten times more than the number of boundary pixels. Thus
changes in mean values in regional density are based on a
much higher number of pixels than changes in cortical thick-
ness, and may more accurately detect subtle changes over the
short-term.

Our results suggest that high-impact exercise (i.e., running),
as opposed to resistance exercise, is the most effective at pro-
ducing changes that reflect distal tibial bone adaptation, as sug-
gested by cross-sectional studies comparing athletes with
controls9,31. During running, muscle forces contribute to poste-
rior-directed loading at the distal tibia during mid-stance, but
are directed in an anterior direction during the initial and final
phases of the gait cycle32. This might explain why the aerobic
group, which incorporated a greater volume of running, exhib-
ited increased mineralization at the medial-anterior sector, in
addition to the medial-posterior increases noted in all three ex-
ercise conditions. That impact exercise seems necessary to pro-
duce observable changes is not surprising giving the state of
knowledge of bone cell mechanobiology. Dynamic loads are
best at producing bone strain rates of sufficient magnitude to
produce the interstitial fluid flow that appears necessary to stim-
ulate remodeling33-35. For this cohort, the resistance training reg-
imen, while possibly capable of producing high bone strains,
may have produced lower strain rates than the aerobic regimen.

There are other considerations when looking for short-term,
exercise-induced changes in bone. First, since the changes in
morphology are subtle, it is important for pre and post images
to be registered correctly, lest measurement errors obscure the
changes. The main sources of error during image alignment are:
1) having images taken at slightly different locations, 2) move-
ment of the subject during the image collection process which
can induce artifacts and 3) improper alignment of pre and post
images by the analysis software. If the first two issues are cir-
cumvented (in other words, if “clean” images are collected
from a subject at the same location) then the software alignment
procedure is robust (CV). Second, we acknowledge that in-
creased density assessed using pQCT images provides a surro-
gate marker of trabecularization, since density changes noted
at the 4% site are at the “apparent” level (the average voxel in-
tensity increased). Since each voxel bounded a volume 0.4 mm
x 0.4 mm x 2.2 mm, and a typical trabeculae is 0.2 mm thick
and 1mm in length, our results suggest that individual trabecu-
lae could have, on average, increased in density, or more likely
the trabecular latticework became more tightly packed through
apposition to existing or growth of new trabeculae. Finally, as
documented elsewhere, pQCT does have limits to its utility37,38.
It is not calibrated to specifically measure collagen within the
bone matrix. As collagen production precedes mineralization
in new bone formation, this first step in functional adaptation

and remodeling may not be fully captured by pQCT. 
In conclusion, use of this pQCT imaging analysis procedure

detected subtle, exercise-induced regional increases in trabec-
ular density of the medial distal tibia in young adults, and were
most pronounced in the groups incorporating impact exercise.
These results suggest that beneficial adaptation of trabecular
bone may be an early manifestation of improved bone strength
resulting from a well-designed training intervention. 
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