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Purpose: To develop a method to assess volumetric cortical bone 
porosity in clinically practical acquisition times by mea-
suring the signal decay at only two echo times (TEs) as 
part of a single three-dimensional ultrashort TE (UTE) 
magnetic resonance (MR) examination.

Materials and 
Methods:

The study was approved by the institutional review board 
and complied with HIPAA guidelines. Written informed 
consent was obtained from all subjects. A marker of cor-
tical bone porosity called porosity index was defined as 
the ratio of UTE image intensities at a long and short 
TE, and the results were compared with biexponential 
analysis. Porosity index of midtibia cortical bone samples 
obtained from 16 donors was compared with ground-truth 
porosity by using micro–computed tomographic (CT) im-
aging and bone mineral density by peripheral quantita-
tive CT scanner. Reproducibility of porosity index were 
tested in volunteers, and clinical feasibility was evaluated 
in postmenopausal women. Interparameter associations 
were assessed by using Pearson or Spearman correlation 
coefficient.

Results: Bone specimen porosity index was correlated with micro-
CT imaging porosity (R2 = 0.79) and pore size (R2 = 0.81); 
age (R2 = 0.64); peripheral quantitative CT scanner den-
sity (R2 = 0.49, negatively); and pore water fraction (R2 
= 0.62) and T2* (R2 = 0.64) by biexponential analysis. 
The reproducibility study yielded a coefficient of varia-
tion of 2.2% and intraclass correlation coefficient of 0.97. 
The study that involved postmenopausal women showed a 
wide range of porosity index (15%–38%).

Conclusion: A two-point MR imaging method to assess cortical bone 
porosity in humans was conceived and validated. This ap-
proach has the potential for clinical use to assess changes 
in cortical bone porosity that result from disease or in 
response to therapy.
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For clinical diagnosis of osteopo-
rosis and fracture risk assess-
ment on the basis of dual-energy  

x-ray absorptiometry, the role of cor-
tical bone is largely disregarded.  
However, loss of cortical bone mass is 
attributed to most fractures that oc-
cur after age 65 years (1), and there  
is a 13-fold increase in femoral  
neck fracture risk from ages 60 to 80 
years (2).

Cortical porosity is a major deter-
minant of overall bone strength (3), 
which explains over 80% of the total 
variation in the Young modulus (4). Im-
paired cortical bone strength is primar-
ily a consequence of increased porosity 
more than of changes in mineralization 
or mechanical properties of the bone 
matrix (5–7). Cortical bone porosity in-
creases as a consequence of aging (6,8) 

Implication for Patient Care

 n Porosity index may be suited for 
evaluation of the effect of meta-
bolic bone disease and response 
to treatment on cortical bone.

Advances in Knowledge

 n Ultrashort echo time (TE) (UTE) 
MR imaging-based biomarker of 
volumetric cortical bone porosity, 
defined as porosity index, is cor-
related with donor age, actual 
porosity, pore size, bone mineral 
density, pore-water fraction, and 
pore-water T2*.

 n Biexponential fitting shows a 
closer match to UTE signal decay 
than single-exponential model, 
especially for TEs greater than 1 
msec, which suggests that a long 
T2* water component exists.

 n Between age 30 and 100 years, 
porosity in the tibial diaphysis 
increases approximately three-
fold in the compact-appearing 
cortex and eight-fold when the 
trabecular regions are included.

 n While the bound-water T2* is 
relatively constant around 330 
msec in midtibia cortical bone, 
pore-water T2* (1–9 msec) and 
pore-water fraction (10%–60%) 
show wide distributions.

 n With aging, cortical bone po-
rosity increases primarily 
because of the expansion of nor-
mal-size pores, not because of 
emergence of new pores.
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and of disease (ie, hyperparathyroidism 
[9], primary osteoporosis [10,11], sec-
ondary osteoporosis caused by steroids 
[12], and diabetes [13–15]).

Recognizing the role of cortical 
bone in metabolic bone disease, several 
techniques were recently proposed for 
in vivo assessment of cortical poros-
ity by using high-resolution peripheral 
quantitative computed tomographic 
(CT) imaging (1,16–19). Despite these 
advances, cortical bone porosity assess-
ment with high-resolution peripheral 
quantitative CT imaging has several 
challenges, including underestimation 
of porosity because only relatively large 
pores that are present mostly near the 
endosteum can be resolved by direct 
imaging because of limited spatial res-
olution of approximately 130 mm (14). 
We note that the cortical bone pore 
network consists of Haversian and Volk-
mann canals (~40 to 100 mm), osteo-
cyte lacunae (~10 to 30 mm), and cana-
liculi (~0.1 mm) (20–22).

Ultrashort echo time (TE) (UTE) 
magnetic resonance (MR) imaging al-
lows for the assessment of cortical bone 
by using detection of proton signal from 
mobile water in pore spaces (ie, pore 
water) and water bound to collagen 
matrix by hydrogen bonds (ie, bound 
water) (23–27). Furthermore, proton 
nuclear MR spectroscopic imaging of 
cadaveric human cortical bone suggests 
that the bound water fraction with short 
T2 (~300 to 400 msec) and pore water 
fraction with longer T2 values (~1 msec 
to 1 second) are positively and nega-
tively associated with bone strength, 
respectively (28).

Horch et al (29) proposed methods 
to obtain signal from predominantly 
bound or pore water that incorpo-
rated T2 selective single or double adi-
abatic inversion pulses, respectively, to 
a UTE imaging sequence. Biswas et al 
(30) proposed another method to sep-
arate bound and pore water signals 

via biexponential analysis of the UTE 
MR imaging signal decay by using  
a range of TEs by exploiting the hypothe-
sized differences in T2* relaxation times 
between the two water components. Fea-
sibility of implementing these methods 
on clinical 3-T whole-body MR imagers 
was demonstrated, but it involved rela-
tively long clinical imaging times (.30 
minutes) (31,32). More recently, Li et 
al (33) proposed a biomarker called 
suppression ratio (ie, the ratio of UTE 
MR imaging signal amplitude obtained 
without pore water suppression/the  
signal with suppression) to indirectly as-
sess bound and free water. This method, 
however, allows only two-dimensional 
analysis in vivo to avoid long imaging 
time.

The aim of our study was to de-
velop a method to assess volumetric 
cortical bone porosity in clinically prac-
tical imaging times by measuring the 
signal decay at only two TEs as part 
of a single three-dimensional UTE MR 
examination.

Materials and Methods
The study was approved by the insti-
tutional review board and complied 



528 radiology.rsna.org n Radiology: Volume 276: Number 2—August 2015

MUSCULOSKELETAL IMAGING: Volumetric Cortical Bone Porosity Assessment with MR Imaging Rajapakse et al

with Health Insurance Portability and 
Accountability Act guidelines. Written 
informed consent was obtained from all 
participants.

Bone Specimens
Sixteen whole human tibiae were ob-
tained from donors (nine female donors 
[median age, 65 years; range, 27–97 
years]; seven male donors [median 
age, 69 years; range, 37–93 years]) 
and stored frozen at 230°C until they 
were further processed. Whole cross-
section specimens, 36-mm thick, were 
cut at distance 38% proximal to distal 
endplate from a thawed tibia by using a 
Hall pneumatic reciprocating saw. The 
specimens were stored in phosphate-
buffered saline (12 mmol of saline per 
liter of buffer) solution at 4°C before 
imaging.

UTE MR Imaging
The cortical bone specimens sub-
merged in phosphate-buffered saline 
underwent three-dimensional UTE im-
aging by using a four-channel surface 
coil (Insight MR imaging, Worcester, 
Mass) in a 3-T whole-body imager 
(Siemens, Erlangen, Germany). Imag-
ing parameters were as follows: field 
of view, 160 3 160 3 160 mm3; repeti-
tion time, 12 msec; flip angle, 12° with 
20-msec hard pulse duration; 50 000 
half-projections distributed uniformly 
within a sphere (34); 190 readout 
points per projection; gradient ramp 
time, 240 msec; and readout band-
width, 125 kHz. Twenty-three UTE 
images were acquired at TEs of 50, 
64, 80, 100, 130, 160, 200, 250, 320, 
400, 500, 640, 800, 1000, 1300, 1600, 
2000, 2500, 3200, 4000, 5000, 6400, 
and 7790 msec. Total imaging time 
was 115 minutes. By using a three-di-
mensional fast-Fourier transform that 
was not uniform, UTE images were re-
constructed onto a 320 3 320 3 320 
matrix that corresponded to an isotro-
pic 0.5-mm voxel size.

We defined the following two 
analysis regions: compact-appearing 
cortex that excluded the trabecularized  
transition zone, which was labeled 
the cortical bone region, and entire 
bone region outside of the medullary 

(marrow) cavity, which was labeled the 
total bone region.

Assessment of Porosity
We referred to a biomarker of corti-
cal bone porosity as porosity index. It 
was defined as the following ratio be-
tween a long TE (shown in the equation 
as TElong) and the shortest TE (shown 
in the equation as TEshort) UTE image 
intensities:

The underlying idea is that the first 
echo obtained at the shortest possible 
TE contains the proton signal from all 
water and the second echo obtained at 
much longer TE predominantly results 
from pore water. The short TE value 
was chosen to obtain the maximum 
combined proton signal that resulted 
from bound water (T2*, ~300 msec) 
and pore water (T2*, .1 msec). At 
long TE, however, the detected proton 
signal is essentially derived from water 
that resides in pore spaces because the 
shorter T2* components should have 
negligible amplitude (,5%). We used 
images acquired at TE of 2000 msec and 
50 msec as respective long and short TE 
images. Porosity index was calculated 
as the average over the whole cortical 
or total bone volume.

Bound and pore water fraction and 
T2* was assessed by biexponential fit-
ting of the 23-echo UTE MR imaging 
data (Appendix E1 [online]).

The bone specimens were imaged 
on a Bruker micro-CT scanner (Sky-
Scan 1172; Bruker microCT, Kontich, 
Belgium) by using the following imag-
ing parameters: source voltage, 100 
kV; source current, 100 mA; exposure 
time, 5.89 seconds; angular incre-
ment, 0.04°; 4877 views; acquisition 
time, 50 hours; and isotropic voxel 
size, 8.63 mm.

Micro-CT Porosity Assessment
The solid phase of cortical bone was 
segmented from the background and 
pore spaces by selecting a threshold 
value at the midpoint of the two peaks 
that corresponded to bone tissue and 
pores on the intensity histogram. 

Cortical and total bone regions were 
defined analogous to the MR imaging 
analysis by excluding and including the 
trabecular cortex, respectively. Porosity 
was calculated as the ratio of the pore 
volume to total analysis volume.

Micro-CT Pore Size Analysis
Segmented micro-CT images at the 
center of each specimen were analyzed 
by using a flood-fill algorithm. Pores 
were divided into four groups: normal 
(diameter, ,82 mm), large (diameter, 
82 to ,172 mm), extra large (diame-
ter, 172 to ,385 mm), and giant (di-
ameter, 385 mm) (10). The porosity 
contribution of each group to the total 
pore space was calculated as the vol-
ume fraction of each group.

Bone mineral density was measured 
with peripheral quantitative CT imaging 
by using 2.3-mm axial sections to cover 
the entire 36-mm sample at 0.4-mm in-
plane voxel size on a peripheral quan-
titative CT scanner (Stratec XCT 2000; 
Orthometrix, White Plains, NY).

Reproducibility in Healthy Volunteers
Five healthy volunteers (two women 
and three men; age range, 26–41 
years) were imaged three times within 
5 days in different imaging sessions. 
The imaging slab was centered at 
38% of the total length of the tibia, 
measured proximally from the me-
dial malleolus to match the image lo-
cations in the ex vivo study. Imaging 
was performed by using the same 
radiofrequency coil and UTE parame-
ters described above for the specimen 
study, but by restricting the number of 
echoes to only two (TE, 50 msec and 
4600 msec) that were obtained in a 
single 10-minute examination (Fig 1).  
The second TE was set at 4600 msec so 
that both TEs were within the same ra-
diofrequency excitation, which thereby 
limited the total acquisition time to 10 
minutes. Porosity index was computed 
as described. Porosity index was con-
verted to absolute porosity by using 
the linear relationship between poros-
ity index (derived from TEs of 50 msec 
and 4000 msec) and micro-CT imag-
ing porosity values from the specimen 
study as the calibration curve.
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Figure 2

Figure 2: Graphs show simulations of the effect of pore water T2* on porosity index (PI ) calculated on the basis of a 
dual-echo UTE sequence. (a) Association between porosity index and pore water fraction for pore water T2* range of 1–10 
msec (ms). (b) Effect of the second TE (ie, long TE) on the dynamic range of porosity index, which shows negligible effect 
of pore water T2* range of 1–10 msec as long as long TE is greater than 2 msec. The dynamic range was defined as the 
percent difference in porosity index corresponding to 10% and 50% pore water fraction at each T2* value.

Figure 1

Figure 1: Graph shows three-dimensional UTE pulse sequence used 
to generate total and pore water images by sampling two TEs in the 
same acquisition for in vivo studies. Dashed vertical lines represent 
the switching delay from “transmit” mode to “receive” mode. ADC = 
analog-to-digital conversion, G

xyz
 = magnetic field gradients, ms = 

msec, RF = radiofrequency pulses, t
ramp

 = ramp time, t
RF

 = radiofre-
quency pulse duration.

Clinical Feasibility Study in 
Postmenopausal Women
To evaluate the feasibility of the use 
of the proposed method to assess cor-
tical porosity, the same MR imaging 
protocol validated in bone specimens 
and reproducibility tested in healthy 
volunteers was incorporated into an 
ongoing translational patient study. 
Imaging and computation of porosity 
index was performed in 34 postmeno-
pausal women (age range, 55–80 years) 
as described in the reproducibility sec-
tion. Lumbar spine (L1-L4), total hip, 
and femoral neck bone mineral density 
were assessed by dual-energy x-ray 

absorptiometry by using a bone den-
sitometer (Delphi Systems; Hologic, 
Bedford, Mass). Mean bone thickness 
of the cortical and total bone regions 
was calculated by modeling the perios-
teal and inner boundaries on each axial 
imaging section as concentric circles in 
which the radii were estimated from 
the respective encompassed areas (35).

Statistical Analysis
The normality of each parameter was 
tested by using the Shapiro-Wilk test. 
When parameters (porosity index, age, 
porosity, bone mineral density, pore size, 
T2*, and water fraction) were normally 

distributed, the Pearson correlation co-
efficient was computed. Otherwise, the 
Spearman correlation coefficient was 
used. Statistical significance of the dif-
ference between two correlation coeffi-
cients was assessed by using the Fisher 
r-to-z transformation. Comparison of re-
gression slopes was performed by using 
the z test statistic (36). P values of less 
than .05 were considered to indicate sta-
tistical significance. The reproducibility 
of porosity index was assessed in terms 
of the coefficient of variation and intra-
class correlation coefficient.

Results

Simulated Effect of Pore Water T2*
Porosity index increases linearly with 
porosity (Eq 3 [online]) at fixed T2* 
(ie, long TE) and nonlinearly with pore 
water T2* at fixed pore water fraction 
(Fig 2a). The dynamic range of poros-
ity index increased with increasing long 
TE but plateaued beyond 2 msec, which 
was used as the optimum long TE for 
the ex vivo experiments (Fig 2b).

MR Imaging Porosity Index Validated with 
Micro-CT Porosity in Specimens
Porosity index was positively correlated 
with micro-CT–derived porosity (cor-
tical bone: R2 = 0.79, P , .001; total 
bone: R2 = 0.70, P , .001; Fig 3a).  
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Figure 3

Figure 3: Correlations between porosity index and (a) micro-CT (mCT )–derived porosity, (b) age, and (c) peripheral quantitative CT (pQCT ) scanner–derived bone 
mineral density obtained on the basis of cortical and total bone regions of midtibia specimens. Black dots represent data from the cortical region, white dots represent 
data from the total region, the solid line represents linear fitting of data from the cortical bone region, and the dashed line represents linear fitting of data from the 
total bone region. ∗∗ P , .005, ∗∗∗ P , .001.

Porosity index is linearly related to 
actual porosity (cortical bone region: 
porosity [%] = 2.2 + 0.37 3 [porosity 
index]; and total bone region: porosity 
= 210 + 0.92 3 [porosity index]).

Porosity index was positively corre-
lated with the age of the donor at death 
(cortical bone region: R2 = 0.64, P , 
.001; total bone region: R2 = 0.48, P 
= .004; Figs 3b, 4). Covariant analysis 
showed that the rate at which poros-
ity increases with age is significantly 
greater in the endosteal regions com-
pared with the compact-appearing 
cortex.

Porosity derived by using MR imag-
ing was negatively correlated with bone 
mineral density of specimens derived 
by using peripheral quantitative CT im-
aging (cortical bone region: R2 = 0.49, 
P = .004; total bone region: R2 = 0.64, 
P , .001; Fig 3c).

Porosity Index Compared with 
Biexponential Analysis in Specimens
Porosity index was positively correlated 
with pore water fraction (cortical bone 
region: R2 = 0.62, P , .001; total bone 
region: R2 = 0.66, P , .001, Fig 5a) and 
pore water T2* (cortical bone region: 
R2 = 0.64, P , .001; total bone region: 
R2 = 0.61, P , .001; Fig 5b). The T2* 
distribution from bound water was 
relatively narrow compared with T2* 
distribution from pore water (Table). 
Biexponential fitting provided a closer 
match to UTE signal decay than did a 

single-exponential model, especially for 
TEs greater than 1 msec (Fig 5c, 5d).

Porosity Index and Pore Size
Average pore size derived by using micro-
CT imaging was strongly correlated with 
porosity index (cortical bone region: R2 
= 0.81, P , .001; total bone region: R2 = 
0.56, P = .003; Fig 6a) and age (cortical 
bone region: R2 = 0.69, P , .001; total 
bone region: R2 = 0.64, P , .001; Fig 6b).

Porosity index was negatively corre-
lated with the fraction of pore volume 

occupied by normal-size pores (cortical 
bone region: R2 = 0.78, P , .001; total 
bone region: R2 = 0.58, P = .003) and 
positively with giant pores (cortical bone 
region: R2 = 0.68, P , .001; total bone 
region: R2 = 0.51, P = .003; Fig 7a). Age 
was negatively correlated with the vol-
ume fraction of normal-size pores (cor-
tical bone region: R2 = 0.65, P , .001; 
total bone region: R2 = 0.76, P , .001). 
However, the fraction occupied by gi-
ant pores was positively correlated with 
age (cortical bone region: R2 = 0.87, P 

Figure 4

Figure 4:  A, Midtibia micro-CT (mCT ) images obtained from a 27-year-old and 82-year-old donor that 
illustrate age-related endocortical erosion and trabecularized cortex. The solid and dashed lines in A and B 
show the inner boundary used for the total bone and cortical bone analyses, respectively. B, UTE images that 
correspond to A. C, D, Porosity index (PI) maps of the, C, total bone and, D, cortical bone regions that show 
the spatial distribution of porosities in the entire cross-section of the bone that correspond to the high-
resolution micro-CT images.
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Figure 5

Figure 5: Graphs show results from biexponential analysis in tibia specimens. Association of porosity index with 
(a) pore water fraction and (b) pore water T2* derived from biexponential analysis of multiecho UTE decay. In a and 
b, black dots represent data from the cortical region, white dots represent data from the total region, the solid line 
represents linear fitting of data from the cortical bone region, and the dashed line represents linear fitting of data from 
the total bone region. (c) A representative UTE signal decay that shows better agreement with biexponential fitting (R 2 
. 0.99) compared with single-exponential model ( R 2 = 0.52) for TE greater than 1 msec. (d) Residual error for single 
and biexponential fitting at each TE in the cortical bone region. Vertical bars indicate the standard error of the means 
across all bone specimens.

T2* and Water Fraction Values 

Parameter Cortical Bone Region Total Bone Region

Bound water T2* (msec) 335 6 48 331 6 43
Pore water T2* (msec) 3465 6 1812 4524 6 1971
Bound water fraction (%) 82 6 7 73 6 14
Pore water fraction (%) 18 6 7 28 6 14

Note.—Data are means 6 standard deviation. Data are derived from 16 specimens from donors (nine women and seven men; 
age range, 27–97 years) by using biexponential analysis.

, .001; total bone region: R2 = 0.75, P 
, .001; Fig 7b). Finally, high-resolution 
micro-CT images provide visual evidence 
of increased porosity and pore size when 
proceeding from the tibial periosteum to 
the endosteum (Fig 8).

Preliminary in Vivo Studies
Porosity indices for the cohort of post-
menopausal women were in the range 
of 15%–31% (20% 6 3.8%) and 24%–
38% (30% 6 3.0%) for the cortical 
and total bone regions, respectively 

(Fig 9). Dual-energy x-ray absorpti-
ometry bone mineral densities mea-
sured in the spine and femur were not 
significantly associated with porosity 
index. Cross-sectional cortical bone 
thickness was only weakly correlated 
with porosity index in the correspond-
ing region (cortical bone thickness: R2 
= 0.10, P = .08; total bone thickness: 
R2 = 0.14, P = .04). For repeated mea-
surements of porosity index in healthy 
volunteers, the mean coefficient of 
variation in the cortical and total 
bone regions was, respectively, 2.2% 
and 2.0%, and the intraclass corre-
lation coefficient in the cortical and 
total bone regions was, respectively, 
greater than 0.98 and 0.97.
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Figure 6

Figure 6: Graphs show association between micro-CT–derived average pore size (ie, mean cross-sectional pore area) 
in the tibial cortical bone region with (a) porosity index and (b) age. Black dots represent data from the cortical region, 
white dots represent data from the total region, the solid line represents linear fitting of data from the cortical bone 
region, and the dashed line represents linear fitting of data from the total bone region. ∗∗ P , .005, ∗∗∗ P , .001.

Figure 7

Figure 7:  Graphs show relative contribution of giant and normal pores to the total pore volume assessed on the 
basis of micro-CT images of tibia specimens in the cortical bone region and their association with (a) porosity index and 
(b) age. Black dots represent data from the cortical region, white dots represent data from the total region, the solid line 
represents linear fitting of data from the cortical bone region, and the dashed line represents linear fitting of data from 
the total bone region. P , .001.

Discussion

Our work identified the porosity index 
biomarker, which strongly correlates 
with actual volumetric cortical bone 
porosity. We showed the feasibility of 
volumetric porosity mapping in a large 
region of tibia diaphysis by using an in 
vivo MR imaging sequence that required 
only 10 minutes of acquisition time.

Data showed that porosity index in 
the total bone region can be as much 
as twofold greater than the compact-
appearing cortical bone. Our approach 
allows for assessment of porosity in the 
entire cross section of the bone versus 
direct imaging based in vivo methods 
(eg, high-resolution peripheral quan-
titative CT imaging) that can help to 

resolve only large pores that are typi-
cally located near the medullary cavity.

The increase in porosity with aging 
is not only in the regions adjacent to 
the endosteum but also in the compact 
periosteal cortical ring. We also note 
that total bone porosity linearly in-
creased during younger age followed by 
an upsurge in porosity after 60 years. A 
similar trend was previously observed 
in cadaveric bone studies by using histo-
morphometry (6,8) and in vivo by using 
high-resolution peripheral quantitative 
CT imaging (37). The rapid increase in 
porosity can be primarily attributed to 
the disproportionate increase in endo-
cortical porosity because the compact-
appearing cortex did not show such a 
dramatic change.

Previous studies that investigated 
the effect of age on bone porosity re-
ported porosity values in the range 
of 5%–30% for the femoral diaphysis 
(6), 2%–20% for the proximal hu-
merus (8), and 2%–20% for the dis-
tal radius (37). Data from our study 
show that between the age of 30 and 
100 years, porosity in the tibial diaph-
ysis increases approximately threefold 
(5%–15%) in the compact-appearing 
cortex and eightfold (5%–40%) when 
trabecular regions are included, and 
this increase is dependent on the 
analysis region. These differences em-
phasize the influence of the analysis 
region when cortical bone porosity 
measurements from different studies 
are compared.
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Figure 9

Figure 9: Representative volumetric porosity index (PI) histograms derived from midtibia cortical and total bone regions of 
three postmenopausal women show a range of porosities. Histogram frequencies are presented as the number of voxels in 
percentage in the corresponding bone region. The pictograms are associated with each graph and show the middle section 
porosity index maps.

Figure 8

Figure 8:  Micro-CT specimen images show cortical bone pore distributions in 27-year-old and 82-year-old donors. 
The boxes, color coded according to pore diameter, are enlarged regions that correspond to the regions of interest on 
the images, and they show that normal and large pores are the primary contributors to porosity in the younger donor 
compared with extra-large and giant pores in the older donor. Pores seem to increase in size from the periosteum to 
endosteum, especially in the older bone.

Pore-size analysis conclusively 
shows that the increased porosity 
at older age is predominantly a con-
sequence of the expansion of exist-
ing pores rather than formation of 
new pores. Consequently, decreased 
normal pore volume fraction and in-
creased giant pore volume fraction 
are inversely related to each other 
and not independent processes of ag-
ing. Our finding is consistent with that 
by Stein et al (38), who reported that 
increased porosity with aging in the 
human femoral diaphysis is because 
of greater proportion of larger pores. 
Previous studies by Broulik et al (39) 
and Brockstedt et al (40) also found 
that iliac crest haversian canal size 
correlated with age.

Porosity assessed by biexponential 
analysis of the UTE signal from 23 TEs, 
which required 115 minutes of acquisi-
tion time, was not significantly better 
than our approach, which required only 
two TEs acquired in a 10-minute exami-
nation, compared with porosity derived 
from micro-CT imaging as the standard 
with a Fisher r-to-z transformation. 
Furthermore, the high correlation be-
tween porosity index and results from 
biexponential analysis suggests that it is 
possible to assess cortical pore water 
fraction by using a clinically practical 
dual-echo UTE sequence.

Du et al (41) determined with bi-
exponential analysis that pore water 
fraction in the midtibia human cortical 
bone (donor age range, 28–85 years) 

was approximately 22%, but Horch et 
al (42) also reported a similar value 
(23%) in midfemoral cortex (donor 
age range, 21–94 years) by using a 
Carr-Purcell-Meiboom-Gill sequence. 
Our data show the pore water fraction 
to be highly dependent on donor age 
and analysis region, ranging from 8% 
to 40% in the cortical bone region and 
from 12% to 65% in the total bone 
region.

The bound water T2* values found 
in our study closely match those re-
ported by Du et al (41) (ie, 350 msec) 
with biexponential analysis of bone 
specimens. For pore water T2*, how-
ever, Du et al reported a narrow range 
around 2.6 msec, and our data showed 
a considerably greater range of 1–9 
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msec. The wider range of pore water 
T2* values found in our study can be 
attributed to the wide spectrum of pore 
sizes, especially in specimens obtained 
from older donors, in accordance with 
increased T2* with decreased surface-
to-volume ratio of pores (43,44).

Porosity index is modulated not 
only by total pore volume, but also 
pore size distribution. Because water 
in larger pores has longer T2*, bone 
with fewer but larger pores would have 
a higher porosity index than bone with 
more numerous but smaller pores. If 
total pore volume were to change while 
at constant pore size, T2* would not be 
altered because it is governed by sur-
face-to-volume ratio. Thus, increased 
T2* with increased porosity is direct 
evidence of the increase in pore size. 
The pore-size dependence may enhance 
the use of porosity index because larger 
pores have a greater adverse effect on 
cortical bone mechanical competence 
than smaller pores (10). The positive 
association of pore water fraction and 
T2* with porosity index is consistent 
with the notion of increased T2* of 
pore water in large mobile water pools 
because the relaxation rate decreases 
with a decrease in surface-to-volume 
ratio (43,44).

One could argue that porosity can 
be indirectly assessed by simply mea-
suring the bone mineral density and by 
using the inverse relationship between 
the two measures. Our data show that 
bone mineral density obtained by using 
peripheral quantitative CT imaging in 
bone specimens only partially explains 
the variation in porosity, which high-
lights the need to measure porosity in-
dependent of bone mineral density.

Because porosity index is computed 
as the ratio between pore water image 
(ie, the image obtained with second 
echo) and total water image (ie, the im-
age obtained with echo 1), the param-
eter has self-normalizing properties, 
which thereby minimizes the effect of 
variations in both radiofrequency and 
static field inhomogeneity and signal-to-
noise ratio on the porosity index maps. 
Furthermore, porosity index calculation 
does not involve often ill-posed Laplace 
inversion.

For the ex vivo validation and in vivo 
components of the study, we used the 
same MR imager, radiofrequency coil, 
imaging volume, and analysis method. 
Ex vivo validation was performed on 
whole cross-sectional midtibia samples 
that approximately covered a region 
imaged in vivo. Our data show that 
cortical porosity variation across the 
cross section of the bone is not uniform 
across participants. Therefore, analysis 
of the porosity in a small subregion of 
bone may not necessarily be represen-
tative of the whole bone.

The study is not without limitations. 
The resolution of micro-CT images did 
not allow the quantification of pores 
less than 8.6 mm. Our micro-CT imag-
ing time for each bone sample involved 
approximately 50 hours of continuous 
imaging to achieve that resolution in a 
large volume of bone (36 mm), which 
resulted in data sizes that were over 200 
GB. Further improvement in resolution 
could have substantially increased the 
imaging and analysis times. Neverthe-
less, pores not shown with our micro-
CT images are likely to have a negligi-
ble contribution to overall porosity. We 
used a TE of 50 msec for the first echo 
in the porosity index measurements 
because this was the minimum allowed 
on our imager. Ideally, the first TE 
should be kept as short as possible to 
minimize the decay of total bone water 
signal. However, the signal loss at 50 
msec is only approximately 1% for the 
free water component (average T2*, ~4 
msec) and approximately 14% for the 
bound water component (T2*, ~330 
msec). The timing of the second echo 
has more flexibility, but the requirement 
is that signal from pore water is present 
and all other water components have 
decayed almost completely. With cur-
rent instrumentation, a TE of 4.6 msec 
allows for sampling of the second echo 
in a single acquisition together with the 
short echo so that the bound water sig-
nal has decayed to almost completely 
while still retaining more than 30% of 
the pore water signal.

With this study, we conceived 
and validated a two-point MR imaging 
method to assess cortical bone poros-
ity in humans. Our approach has the 

potential to be used clinically to as-
sess changes in cortical bone porosity 
because of disease or in response to 
therapy.
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