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Abstract: Magnetic resonance microscopy (MRM) and Xray microtomography (XMT) were used to investigate de
novo bone formation in porous poly(ethyl methacrylate)
(PEMA) scaffolds, prepared by a novel co-extrusion process.
PEMA scaffolds were seeded with primary chick calvarial
osteoblasts and cultured under static conditions for up to 8
weeks. Bone formation within porous PEMA scaffolds was
conﬁrmed by the application of histologic stains to intact
PEMA disks. Disks were treated with Alizarin red to visualize calcium deposits and with Sirius red to visualize regions of collagen deposition. DNA analysis conﬁrmed that
cells reached conﬂuence on the scaffolds after 7 weeks in
static culture. The formation of bone in PEMA scaffolds was
investigated with water proton MRM. Quantitative MRM
maps of the magnetization transfer ratio (MTR) yielded

maps of protein deposition, and magnetic resonance (MR)
relaxation times (T1 and T2) yielded maps of mineral deposition. The location of newly formed bone and local mineral
concentrations were conﬁrmed by XMT. By comparing
MRM and XMT data from selected regions-of-interest in one
sample, the inverse relationship between the MR relaxation
times and mineral concentration was validated, and calibration curves for estimating the mineral content of cell-seeded
PEMA scaffolds from quantitative MRM images were
developed.© 2004 Wiley Periodicals, Inc.* J Biomed Mater
Res 69A: 738 –747, 2004

INTRODUCTION

strategies for the production of replacement bone tissue. In the majority of cases, bone cells are required to
attach and grow on a three-dimensional scaffold material.1 Two-dimensional culture techniques might be
applied to three-dimensional scaffolds, but there are a
number of factors that limit the success of three-dimensional cultures. To get good bone formation, there
must be adequate seeding of the scaffold by the cells.
This has led to a number of studies on optimal seeding
techniques for porous scaffold materials.2– 4 The success of the various seeding techniques is assessed using a DNA assay to estimate the total number of cells
within the scaffold. This approach, however, yields
very little information about the distribution of the
cells throughout the scaffold. Other investigators have
reported on the successful application of confocal microscopy to study cells growing in the pores of scaffolds,5,6 but the depth penetration of this technique is
limited and it cannot be applied to scaffolds that are
optically opaque. What is required is a nondestructive
technique that can provide spatially resolved, chemically speciﬁc, tissue-level information about the bone
formed within the pores of the scaffold material.
Conventional techniques, such as histomorphom-

The limited supply of autograft material for the
repair of skeletal defects has inspired an explosion of
The opinions and assertions contained herein are the private views of the authors and are not to be construed as
ofﬁcial or reﬂecting the views of the Department of the
Army or the Department of Defense.
Certain equipment and instruments or materials are identiﬁed in this article to adequately specify the experimental
details. Such identiﬁcation neither implies recommendation
by the National Institute of Standards and Technology, nor that
the materials are necessarily the best available for the purpose.
Published abstract appears in Proc Int Soc Magn Reson
Med 2002;10:497.
Correspondence to: Kimberlee Potter, Ph.D., Department of
Cellular Pathology and Genetics, Armed Forces Institute of
Pathology Annex, 1413 Research Blvd., Rockville, MD 20850;
e-mail: potterk@aﬁp.osd.mil
Contract grant sponsor: NIH; contract grant number:
DE14453
Contract grant sponsor: EPSRC; contract grant number:
GR/R28911/01
© 2004 Wiley Periodicals, Inc. * This article is a US Government
work and, as such, is in the public domain in the United States of
America.

Key words: magnetic resonance microscopy; X-ray microtomography; tissue engineering; bone; polymer scaffold

BONE FORMATION STUDIED BY MRM AND XMT

etry, electron microscopy, and Fourier transform infrared (FT-IR) imaging, are often used in bone formation studies and are capable of giving detailed
information on tissue development, but they require
that scaffolds be destructively sectioned. The resulting
loss of three-dimensional information is a serious limitation. Other problems include the dissolution of
polymeric scaffolds by the organic solvents used in the
preparation of thin sections7 or the disruption of early
mineral deposits by aqueous solvents.8 A number of
noninvasive optical tomography methods are available, but despite their high spatial resolution they
have limited depth penetration and local area coverage, and are dependent on the use of ﬂuorescent
probes. In this work, we apply two complementary,
three-dimensional microscopic techniques, magnetic
resonance microscopy (MRM) and X-ray microtomography (XMT), to map the distribution of newly formed
bone in novel extruded polymer scaffolds.
Magnetic resonance microscopy is a high-resolution
imaging technique capable of yielding three-dimensional structural information with a resolution on the
order of tens of microns. In our experiments, we monitored protons associated with water and generated
maps of the magnetization transfer ratio (MTR) and
magnetic resonance (MR) relaxation times T1 and T2,
which provide information about protein deposition
and mineral formation, respectively. Typically, proton
MRM images of cortical bone yield very little signal
owing to its low water content, whereas images of
cancellous bone yield a bright signal owing to intervening bone marrow, which facilitates the visualization of its trabecular architecture.9 –12 Bone can be imaged directly using solid state imaging techniques to
detect the phosphorus-31 nuclei immobilized in the
inorganic matrix.13–15 However, in a developing system the 31P signal from bone is not very large owing to
the exceedingly small amounts of mineral deposited,
which can be overwhelmed by contributions from the
phosphate ions present in buffered solutions, phosphorylated cytosolic metabolites, and membrane
phospholipids.16 In the proposed mineralizing system,
early mineral deposits do not result in a complete loss
of the water proton signal and thus proton MRM can
be applied to study the distribution of bone constituents within the polymer scaffold. While MRM has
been shown to yield information on the distribution of
smooth muscle cells seeded onto a polylactide construct ,17 quantiﬁcation of the matrix produced in the
scaffold would make it an even more useful tool for
monitoring tissue development. To achieve this goal,
we used XMT, a technique that has been shown to
yield quantitative information about mineralized tissues, as a calibration tool for quantifying MRM images
of identical specimens.
X-ray microtomography generates three-dimensional maps of linear absorption coefﬁcients (LACs)
based on the attenuation of X-rays.18 The mineral con-
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centration in each voxel is then calculated from the
known cross-sections of X-ray absorption of each element in the absorbing phase. To calculate the mineral
content of newly formed bone, X-ray attenuation analysis is applied to XMT images assuming the X-ray
absorption results from calcium hydroxyapatite.18,19
The X-ray attenuation of the organic phase of bone is
low, and thus simultaneous, quantitative studies of
this phase were not performed. The nondestructive
analysis of engineered bone offers the distinct advantage of monitoring the time course of tissue development in porous scaffolds in three dimensions.

MATERIALS AND METHODS
Scaffold preparation
Poly(ethyl methacrylate) (PEMA) scaffolds were prepared
using a co-extrusion technique described previously.20
Brieﬂy, 2.0 g of PEMA (Aldrich, Milwaukee, WI; Mw ⫽
100,000 Da) and 2.0 g of poly(ethylene oxide) (PEO, Polysciences, Warrington, PA; Mw ⫽ 100,000 Da) were blended
in a minicompounder (Daca Instruments, Goleta, CA) at
170°C for 10 min with a screw rotation rate of 50 rpm. The
blend was extruded from the compounder and allowed to
cool to room temperature. It was then annealed at 170°C for
45 min in a disk-shaped mold, 7 mm in diameter and 2 mm
deep. Annealing has been shown to increase the domain size
of the blend and can be optimized to yield blends with
characteristic length scales of 100 m.20 After cooling to
room temperature, the PEO was washed out of the polymer
blend with distilled water. This created a continuous porous
network suitable for cell seeding. These samples were labeled 50% PEMA because their void volume fraction is
estimated to be about 50%.
Polymer scaffolds were rinsed with methanol, dried under vacuum, and sputter-coated with gold prior to electron
microscopy. Scanning electron micrographs (SEMs) were
obtained with a Jeol JL-5300 (JEOL, Inc., Peabody, MA)
operating at 5 kV and 50 mA. For cell culture experiments,
scaffolds were sterilized brieﬂy with 70% ethanol and precultured in tissue culture medium for at least 2 days prior to
inoculation with cells to ensure sterility.

Cell isolation
Primary osteoblasts were obtained from the third population of cells released by serial collagenase digestion of the
calvarial bones of 16-day-old chick embryos.21 Cells were
isolated with the approval and strict adherence to the guidelines of the Institutional Animal Care and Use Committee.
For the ﬁnal digest, minced calvaria were treated with 2
mg/mL collagenase (Roche Molecular Biochemicals, Indianapolis, IN) for 75 min at 37°C with agitation. Isolated
osteoblasts were resuspended in tissue culture medium, and
2 ⫻ 106 cells were seeded onto PEMA disks (⬃ diameter 7 ⫻
2 mm), maintained in a 24-well plate. One hour after the
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initial seeding, additional culture medium was added to the
culture plate. Porous PEMA disks were maintained in static
culture for up to 8 weeks in a 5% CO2 incubator and the
culture medium was changed twice a week.
Tissue culture medium was prepared by adding 50 mL of
heat-inactivated fetal bovine serum (Bioﬂuids, Rockville,
MD), 5 mL of 200 mM L-glutamine (Bioﬂuids), 0.5 mL of 250
g/mL fungizone (Bioﬂuids), and 0.5 mL of 10 mg/mL
gentamicin reagent solution (Gibco, Gaithersburg, MD) to a
500-mL bottle of Dulbecco’s Modiﬁed Eagle’s Medium
(Bioﬂuids). Ascorbic acid (Sigma, St. Louis, MO) was added
at each medium change, twice per week, such that its ﬁnal
concentration was 50 g/mL. After one week of growth,
tissue culture medium was supplemented with 1% ␤-glycerophosphate (Sigma). Cell-seeded PEMA constructs were
removed from the culture medium, washed with phosphate
buffered saline, and ﬁxed in neutral buffered formalin at
weekly intervals.

Magnetic resonance microscopy
The spatial distribution of putative mineral deposits was
assessed by MRM and XMT. MRM measurements were
performed on a Bruker DMX spectrometer (Bruker Biospin
MRI, Inc., Billerica, MA) coupled to a wide-bore magnet
operating at 9.4 T (400 MHz for 1H). PEMA disks with and
without cells were cut into strips and imaged at 37°C in
tubes (o.d. 5 mm) ﬁlled with phosphate buffered saline.
Typical images, acquired perpendicular to the long axis of
the tube, had a ﬁeld-of-view of 5 mm, a nominal in-plane
resolution of 78 m, and a 1-mm slice thickness. The following parameters were evaluated spatially for each sample, the
water proton longitudinal (T1) and transverse (T2) relaxation times, the proton density (PD), and the magnetization
transfer ratio (MTR).
T1 values were calculated on a pixel-by-pixel basis from 8
images acquired with a saturation recovery sequence with a
range of repeat times, TR ⫽ 0.2–5 s, at a single echo time,
TE ⫽ 12 ms. T2 and PD values were calculated on a pixelby-pixel basis from 16 images acquired with a multi-echo
sequence (TR ⫽ 5 s, TE ⫽ 12–192 ms). The PD values,
extracted by this calculation, provide a direct measure of the
number of water protons present in each pixel in the image.
Assuming the PD value for saline represents 100% hydration, then the PD values for the construct, when normalized
to that of saline, yield the hydration state of the tissue
construct. In the absence of cells, it can yield a measure of
disk porosity.
MTR maps were calculated using the following equation:
[1 ⫺ Mso/Mo], where Mso/Mo gives the ratio of image
intensities acquired with and without the application of a
5-s, 12-T saturation pulse, 6000 Hz off-resonance.22 This
parameter provides a measure of the rate of transfer of
magnetization from mobile water protons to protons on
large immobile macromolecules. For collagen-containing tissues, the magnetization transfer rate is very efﬁcient (MTR is
high) and for saline it is nonexistent (MTR is zero).23,24
MRM image analysis was performed using Bruker Paravision software. Unique regions-of-interest (ROIs) were
identiﬁed on quantitative T1, T2, MTR, and PD maps of
PEMA disks and the MRM values of the pixels within each
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ROI were averaged together and reported as a mean ⫾
standard deviation.

X-ray microtomography
To facilitate the detection of small mineral deposits,
PEMA scaffolds (n ⫽ 4), previously subjected to MRM, were
air-dried and subjected to XMT. Details about the XMT
system using time-delay integration for artifact elimination
are given elsewhere.25 Brieﬂy, the X-ray source in the X-TEK
HMX system (X-Tek Systems, Ltd., Tring, UK) was a tungsten target operated at 60 kV and 255 mA with a 5-m spot
size. The imaging system, composed of a CsI scintillator
optically coupled to a cooled CCD camera, was calibrated
using a high-purity aluminum step wedge. Acquisition parameters for XMT images were typically 234 slices, with 801
projections per slice, and 600 points per projection. A standard back-projection algorithm was used to reconstruct the
XMT images and the voxel size in all images was (15 m)3.
The reconstructed images were in the form of 3D arrays of
linear absorption coefﬁcients (LACs) at 40 keV. The LAC
values were converted to mineral concentrations of calcium
hydroxyapatite (HA) using the following relation: LACavg/
LACHA ⫻ HA, where LACavg is the average LAC for a
selected region-of-interest, LACHA is the LAC of pure hydroxyapatite (3.08 cm⫺1), and HA is the density of pure HA
(3.18 g/cm3).19 The calculated LACs of pure H2O, protein,19
and 50% porous PEMA at 40 keV are 0.26, 0.315, and 0.135
cm⫺1, respectively. All XMT image analysis was performed
using user-deﬁned procedures in IDL (Interactive Data Language, Research Systems, Inc., Boulder, CO).

Histology
To verify that the tissue formed was bone, whole intact
PEMA disks were treated either with Alizarin red or Sirius
red for the detection of calcium (red) or collagen deposits
(red), respectively.26,27 Bright-ﬁeld images of the stained
polymer disks were acquired with a light microscope to
conﬁrm the distribution of mineral deposits. Parafﬁn sections were not prepared because the solvents employed in
the embedding process would dissolve PEMA.

DNA quantification
Cell proliferation was measured by determining the DNA
content of enzymatically treated scaffolds using a PicoGreen威
Assay (Molecular Probes, Eugene, OR) and a ﬂuorescence
microplate reader (Wallac 1420 Victor2, PerkinElmer Life
Sciences, Gaithersburg, MD). Scaffolds were washed twice
with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) and
digested in 3 mL proteinase K solution (0.5 mg/mL proteinase K, and 0.1 mg/mL SDS in a buffered solution of 10 mM
Tris-HCl and 1 mM EDTA, pH 7.5) for 14 h at 55°C with
periodic shaking. After digestion, 100 L of sample was
added to 100 L PicoGreen威 reagent solution (diluted 200fold with TE buffer) in a 96-well microplate, incubated for 5
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Figure 1. Scanning electron micrograph (A) of the surface of a 50% PEMA blend with a continuous void space with a
characteristic length scale of 100 m. Fragments of a cell-seeded PEMA disk maintained in culture for 5 weeks and treated
with (B) Alizarin red for calcium (red) and (C) Sirius red for collagen (red). Bright-ﬁeld images of the surface of the Alizarin
red and Sirius red fragments are shown in (D) and (E), respectively. Stain appears to be localized in the pore spaces.
min and ﬂuorescence emission was measured (excitation
ﬁlter at 485 nm, emission ﬁlter at 535 nm). All DNA measurements were calibrated against calf thymus DNA.

RESULTS
The SEM of the surface of a typical 50% PEMA
scaffold used for these studies is shown in Figure 1(A).
Under the current processing conditions, the PEMA
scaffold formed a continuous network of void space,
with a characteristic length scale of approximately 100
m. To conﬁrm the formation of mineral deposits in
porous PEMA disks, whole intact disks were stained
with Alizarin red or Sirius red. The gross appearance
of pieces cut from a cell-seeded PEMA disk, maintained in static culture for 5 weeks, and stained with
Alizarin red or with Sirius red are shown in Figure
1(B,C), respectively. For the Alizarin red fragment
[Fig. 1(B)], the red stain indicates the location of calcium deposits, and for the Sirius red fragment [Fig.
1(C)], the red stain indicates collagenous material. Notably, PEMA sections were not uniformly stained.
Higher magniﬁcation bright-ﬁeld images of the surface of sections stained with Alizarin red and Sirius
red are shown in Figure 1(D,E), respectively. In both
cases, the red stain was localized within the pores of
the PEMA scaffold.
To assess the spatial distribution of putative mineral
deposits, cell-seeded PEMA disks, maintained in static
culture for 6, 7, and 8 weeks, along with unseeded
PEMA scaffolds, were cut into thin rectangular strips
and subjected to MRM and then XMT. Representative

MRM images of a cell-seeded PEMA disk, after 7
weeks of culture, are shown with a PEMA blank in
Figure 2. Each image represents a 1-mm slice taken
perpendicular to the long axis of the tube containing
the two PEMA samples. The sample at the top was the
cell-seeded PEMA disk and the sample at the bottom
was the PEMA blank. On T2 [Fig. 2(A)], T1 [Fig. 2(B)],
and PD [Fig. 2(C)] maps, areas with reduced intensity
compared to the PEMA blank were attributed to areas
of newly formed bone. On the MTR map [Fig. 2(D)],
those same areas had high intensity values. The MTR
values for the PEMA blank, however, were not measurable. According to the MRM images in Figure 2,
mineral deposits were not uniformly distributed, but
were restricted mostly to the cell-seeded side (or upper surface) of the PEMA disk and to crack openings,
with a few deposits on the lower surface. A similar
pattern of bone formation was observed for PEMA
disks terminated at 6 and 8 weeks. This result suggests
that under static culture conditions, cells were unable
to inﬁltrate uniformly the PEMA scaffold.
Chemical analysis of the DNA content of PEMA
disks yielded values of (117 ⫾ 3) ng at 6 weeks, (238 ⫾
12) ng at 7 weeks, and (267 ⫾ 31) ng at 8 weeks. These
results suggest cell proliferation in the scaffolds had
peaked after 7 weeks of culture, possibly because the
cells had reached conﬂuence in the accessible regions
of the scaffold.
For the zone indicated with an arrow in Figure 2(A),
T2 (39 ⫾ 7 ms) and T1 (0.61 ⫾ 0.16 s) relaxation times
were markedly reduced compared to the PEMA blank
(T2 ⫽ 86 ⫾ 4 ms and T1 ⫽ 2.33 ⫾ 0.14 s) and its MTR
value (0.31 ⫾ 0.09) was higher than that of the remain-
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Figure 2. Quantitative T2 (A), T1 (B), PD (C), and MTR (D) maps of two PEMA specimens in a glass culture tube ﬁlled with
saline. The sample at the top was a cell-seeded PEMA sample maintained in culture for 7 weeks and the white arrow indicates
newly formed bone. The PEMA sample at the bottom was not seeded with cells but was included as a control for the imaging
experiment. MRM images were acquired at 37°C, with an in-plane resolution of 78 m and a slice thickness of 1 mm.

ing PEMA scaffold. Water protons in the cracks of 6and 8-week-old samples behaved similarly, possibly
because of high levels of mineral in these zones. To
conﬁrm this supposition, the 7-week-old sample in
Figure 2 was air-dried and subjected to XMT.
The two-dimensional LAC images (shown in Fig. 3)
were extracted from the 3D XMT data set at the approximate locations for the bottom [Fig. 3(A)], middle
[Fig. 3(B)], and top [Fig. 3(C)] of the 1-mm slab of
material imaged by MRM. The gray annulus observed
around the PEMA samples was the glass culture tube
used to contain the specimens for both MRM and XMT
experiments. The PEMA scaffold appears uniformly
X-ray opaque, except for those regions with mineral
deposits (bright) or large air-ﬁlled pores (dark). Bright
mineral deposits were colocalized with the dark zones
seen on quantitative T2 and T1 maps. On close inspection, bone formation was observed to be restricted to
those regions where the disk porosity was sufﬁcient to
allow for cell inﬁltration, speciﬁcally the upper and
lower surfaces of the cell-seeded PEMA disk (at the

top) and in crack openings. The higher intensity regions observed in the PEMA blank (at the bottom)
may be attributed to dystrophic mineral formed during the drying process. For comparison, 67 XMT slice
images, corresponding to the 1-mm-thick slab of material imaged by MRM, were averaged in the axial
direction and this averaged data set is shown in Figure
3(D).
To develop a surrogate measure for the mineral
content observed in the MRM images, the X-ray
derived mineral concentration map [Fig. 4(A)] calculated from Figure 3(D) was compared to the water
proton T2 map [Fig. 4(B)] for the same sample. The
line proﬁles on the right side of each image show
both the mineral concentration (g/cm3) and the T2
transverse relaxation times (ms) as a function of
distance moved along the lines drawn on each image, measured from left to right. Despite the differences in image resolution, measurements made by
each technique clearly correlate after suitable image
registration and there is an approximate inverse
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Figure 3. Two-dimensional LAC images extracted from a three-dimensional XMT data set for the same PEMA samples seen
in Figure 2, after air drying. The cell-seeded PEMA disk was on top and the PEMA blank was on the bottom. Slice images
shown were extracted from the approximate locations of the bottom (A), middle (B), and top (C) of the 1-mm MRM slice. A
map of LAC values averaged over the 1-mm slab of material imaged by MRM is shown in (D). Regions of high intensity
corresponded to mineralized areas and regions of reduced intensity were attributed to air-ﬁlled pores within the PEMA
scaffold. The voxels for the XMT images were 15.221 m on a side.

relation between mineral concentration measured
by XMT and water proton T2 values measured by
MRM. Thus, areas with high concentrations of mineral had low T2 values, and areas devoid of mineral
had high T2 values. For the mineral concentration
calculations, it was assumed that the material in the
X-ray beam was composed of HA, therefore contributions from collagen molecules and the polymer
scaffold were not taken into account. Accordingly,
the porous PEMA scaffold was found to have the
same X-ray absorption as 0.1 g/cm3 mineral.
By comparing the mineral concentration in different
regions of the cell-seeded PEMA disk with the water
proton T2 and T1 relaxation times for those regions,
quantitative linear relations between mineral concentration and 1/T2 (transverse relaxation rate) [Fig.
5(A)] and 1/T1 (longitudinal relaxation rate) [Fig.
5(B)] were generated. The derived linear relationships
for the 7-week PEMA disk can be expressed as 1/T2 ⫽
0.147 [HA] ⫺ 0.004 (R2 ⫽ 0.85) and 1/T1 ⫽ 12.37 [HA]
⫺ 0.88 (R2 ⫽ 0.88), where [HA] is the HA concentration in g/cm3. Both correlations were valid over the
mineral concentration range found within the PEMA
disks (0.1– 0.3 g/cm3).

DISCUSSION
The main objective of this work was to demonstrate
the use of two complementary, nondestructive imaging techniques for monitoring bone formation in polymer scaffolds produced by a co-extrusion process. To
conﬁrm that bone had formed within the polymer
scaffold, various histology stains were applied to fragments of a cell-seeded PEMA disk maintained in culture for 5 weeks. Parafﬁn sections were not prepared
because the organic solvents used for parafﬁn embedding would dissolve the polymer scaffold, resulting in
a loss in morphological information.7 The red color
observed for Alizarin red and Sirius red sections conﬁrmed the deposition of mineral and collagen, respectively. The mineralized regions were not colocalized
because sections represented different fragments of
the same disk. The lack of red stain in other regions of
the polymer conﬁrmed the speciﬁcity of the stains for
mineralized tissue. Those areas lacking mineral deposits were stained yellow from the picric acid used in
conjunction with the Sirius red stain [Fig. 1(C)].
On quantitative MRM images of cell-seeded poly-
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Figure 4. XMT mineral concentration map (A) calculated from the LAC map shown in Figure 3(D). This calculation assumes
that the absorbing phase was pure HA and regions of high intensity corresponded to highly mineralized zones. On the
corresponding T2 map (B), mineralized zones were dark. The line through each image shows the approximate location from
which the XMT mineral concentration (top, right) and T2 (bottom, right) proﬁles were extracted.

mer disks, regions of newly formed bone [indicated
with an arrow in Fig. 2(A)] had reduced water proton
T1 and T2 relaxation times compared to the PEMA
blank under identical imaging conditions. These results were consistent with the behavior of water proton relaxation times in the presence of de novo mineral
deposits found in tissues undergoing endochondral
ossiﬁcation.28,29 Water proton relaxation times are
highly dependent on molecular motion, thus when
water molecules become immobilized through ionic or
dipolar interactions at the surface of the mineral, the
T1 and T2 of the surrounding solution is reduced. In
the presence of mineral particles, with a different bulk
magnetic susceptibility from that of water, T2 relaxation processes are further enhanced due to heterogeneities in the local magnetic ﬁeld. Our results are also
consistent with the ﬁndings of numerous studies
aimed at understanding the effect of calcium salts on
water proton MR relaxation times.30 –33 The reduction
in the image intensity of water proton density maps

can be attributed to the displacement of water by
calcium salts containing no mobile protons.
For cell-seeded polymer disks, there was a measurable MT effect compared to the PEMA blank
because magnetization was able to transfer between
mobile water protons and macromolecular-associated protons within the newly formed bone matrix.
The negligible MT effect observed for the PEMA
blank conﬁrms that this effect is solely due to newly
formed bone in the PEMA scaffold. Consequently, a
detectable MT effect requires the presence of speciﬁc macromolecules above a certain concentration
level. For mineralized tissue formed after 7 weeks in
static culture, the MTR value (0.31 ⫾ 0.09) was
higher than that reported for a cell pellet (MTR ⫽
0.22– 0.26).34 Therefore, the observed MT effect cannot be attributed solely to the cell inoculum but to
collagen molecules deposited in mineralized zones.
This result was consistent with other reports that
state that collagen has a large MT effect and it is the
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Figure 5. Calibration curves correlating mineral concentration [HA], measured by XMT, to the water proton (A) transverse (1/T2) and (B) longitudinal (1/T1) relaxation rates for
the 7-week PEMA disk are shown. Lines were derived by
regression analysis and the resulting correlations are presented in each graph.

predominant molecule that gives rise to the MT
effect in collagenous tissues.23,35–37
The MTR value of the highly mineralized zone [indicated with an arrow in Fig. 2(A)] was lower than
MTR values reported for calciﬁed cartilage,29 and
based on earlier calibration studies the measured MTR
value was comparable to a 3% (w/w) collagen suspension.36 A possible explanation for the low MTR
value might be that the newly formed bone was very
immature and not very dense, especially considering
it had formed on the surface of a porous polymer
scaffold. The MTR values for the superﬁcial regions of
the PEMA disk were much lower than for the highly
mineralized zone, possibly because of the larger pores
near the surface, which would tend to dilute the
amount tissue present in the imaging voxel. This
might also explain the intermediate T1 and T2 values
observed for bone deposits near the surface. Low MTR
values for regions with reduced porosity, determined
from XMT images, might be attributed to a reduced
number of cells that could inﬁltrate the space and
produce large quantities of mineral and collagen. Until polymer disks can be manufactured with a uniform
pore size distribution, it would be speculative to attribute the observed spatial variation in MTR values to
changes in collagen content alone. Apart from changes
in the collagen content, other factors could alter the
measured MTR values for collagen in mineralized
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zones. For example, the partial dehydration of collagen ﬁbrils due to mineral formation in the intraﬁbrillar
space might augment the observed MT effect. More
studies, however, are required to understand how
mineralization alters collagen MTR values.
Slightly brighter areas observed in XMT images of
the PEMA blank were attributed to small mineral
crystallites formed during the drying process, which
were not present when the hydrated disk was subjected to MRM. In the XMT images presented, bone
formation was restricted to those regions where the
cells were able to inﬁltrate. Burg et al.3 demonstrated
that dynamic culture conditions are necessary to promote homogeneous tissue in-growth, so it is possible
that the static culture conditions used in these experiments would limit cell proliferation and mineralization to areas near the surface of the disk and in close
proximity to cracks in the scaffold. The correlation of
mineral concentration, as measured by XMT, with
water proton relaxation rates (1/T2 and 1/T1), as
measured by MRM, were comparable to relations derived for tissue models made from agar containing a
suspension of calcium hydroxyapatite in the range of
0 – 0.3 g/mL.38
In XMT images, the polymer contributes signiﬁcantly to the calculated mineral concentration. Thus,
to estimate the water proton T1 or T2 value for water
protons in a blank PEMA disk, an equivalent mineral
concentration of 0.1 g/cm3 for the polymer must be
substituted in the derived MRM-XMT correlations to
arrive at a realistic answer. Conversely, mineral concentration calculations based on MRM measurements
must be corrected for the mineral concentration contribution of the polymer. In other words, the mineral
concentration will be consistently overestimated unless the mineral concentration equivalent of the polymer is taken into account. This amount is likely to be
different depending on the porosity of the scaffold
and, thus, the use of MRM-XMT correlations is limited
to scaffolds with the same porosity and a uniform pore
size distribution.

CONCLUSIONS
The formation of bone in a porous polymer scaffold
was readily assessed with two noninvasive techniques, MRM and XMT. Despite the relatively low
mineral densities in this system, it was possible to map
mineral content with XMT and to validate the underlying relations between mineral concentration and water proton relaxation times. Through these experiments, it has been established that water proton
relaxation rates can be used as surrogate measures of
mineral concentration in MRM images of cell-seeded
polymer scaffolds, and that this imaging modality has
the added capability of being able to assess the colla-
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gen present in immature bone deposits. An additional
advantage of MRM over the XMT technique is that it
can be used to monitor early bone formation within
polymer scaffolds in vivo and can provide detailed
information about the biological response of the body
to the implanted material.39
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