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Abstract
Purpose—Recent work has shown that solid-state 1H and 31P MRI can provide detailed insight
into bone matrix and mineral properties, thereby potentially enabling differentiation of
osteoporosis from osteomalacia. However, 31P MRI of bone mineral is hampered by unfavorable
relaxation properties. Hence, accurate knowledge of these properties is critical to optimizing MRI
of bone phosphorus.

Methods—In this work, 31P MRI signal-to-noise ratio (SNR) was predicted on the basis of T1
and T2* (effective transverse relaxation time) measured in lamb bone at six field strengths (1.5 –
11.7 T) and subsequently verified by 3-D ultra-short echo-time and zero echo-time imaging.
Further, T1 was measured in deuterium-exchanged bone and partially demineralized bone.

Results—31P T2* was found to decrease from 220.3 ± 4.3 μs to 98.0 ± 1.4 μs from 1.5 to 11.7 T,
and T1 to increase from 12.8 ± 0.5 s to 97.3 ± 6.4 s. Deuteron substitution of exchangeable water
showed that 76% of the 31P longitudinal relaxation rate is due to 1H-31P dipolar interactions.
Lastly, hypomineralization was found to decrease T1, which may have implications for 31P MRI
based mineralization density quantification.

Conclusion—Despite the steep decrease in the T2*/T1 ratio, SNR should increase with field
strength as Bo

0.4 for sample-dominated noise and as Bo
1.1 for coil-dominated noise. This was

confirmed by imaging experiments.
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Introduction
Bone mineral is a nanocrystalline, non-stoichiometric, highly substituted calcium apatite (1),
most closely resembling calcium hydroxyapatite (Ca10(OH)2(PO4)6) (2,3) and
carbonatoapatite type B (4-8), in which some phosphate ions are substituted by carbonate.
Phosphorus-31 (31P) has spin I=½ and 100% natural abundance, and as a major component
of bone mineral, it therefore should be ideally suited for quantitative evaluation of bone
mineral.
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Prior 31P NMR studies of bone mineral by magic-angle spinning (MAS) and cross-
polarization (CP) from 1H (9-13) have detected the presence of a protonated phosphate
group (HPO4

2−) having an isotropic chemical shift similar to that in octacalcium phosphate
(Ca8(HPO4)2(PO4)4·5H2O), and chemical shift anisotropy similar to brushite
(CaHPO4·2H2O). Wu, et al. argued that this makes HPO4

2− in bone mineral uniquely
different from any such groups in synthetic models of bone mineral (13). Using 2-D 1H-31P
heteronuclear correlation spectroscopy, Cho, et al. determined that bone mineral is also
severely deficient in hydroxyl (OH−) groups, having approximately 21% of the OH− content
of stoichiometric hydroxyapatite (14).

More recent work has shown that solid-state 1H and 31P MRI have the potential to quantify
bone matrix and mineral densities, thereby providing information that is not available using
current x-ray based clinical methods, but may enable differentiation of osteoporosis from
osteomalacia. 31P NMR (15) and MRI (16-18) have shown substantial potential for
quantification of bone mineral density, and 31P MRI of bone mineral has been proven
feasible in vivo (19,20).

However, magnetic resonance imaging of solid-state phosphorus in bone is greatly
complicated by unfavorable relaxation parameters. Greater net magnetization and higher
Larmor frequency at higher magnetic fields generally increase signal strength, but prolonged
T1 (longitudinal relaxation time) and reduced T2* (effective transverse relaxation time) as
field strength increases may outweigh possible gains. Several groups have measured T1 and
T2* of bone mineral 31P (15,17,20,21) under various conditions and selected field strengths,
but no systematic study across field strengths has so far been performed.

The purpose of this work was to predict the dependence of bone mineral phosphorus signal-
to-noise ratio (SNR) on static magnetic field strength and level of bone mineralization to aid
in the design of an in vivo MRI protocol for measurement of bone mineral density. To
accomplish this goal, the 31P T1 and T2* relaxation times were measured using NMR in
unmodified, deuterium-exchanged, and partially demineralized lamb tibial cortical bone
samples at six magnetic field strengths ranging from 1.5 T to 11.7 T using comparable
transmit/receive radiofrequency (RF) coils. Relaxation times of unmodified bones were then
used to predict the theoretically achievable image SNR at each field strength, and these
predictions were compared with SNR measured in ultra-short echo-time (UTE) and zero
echo-time (ZTE) images. Finally, the mechanisms responsible for longitudinal relaxation
and the effect of demineralization on bone mineral 31P T1 were evaluated using
measurements in deuterium-exchanged and partially demineralized bone, respectively.

Methods
Specimens

Lamb tibiae were obtained fresh from a local butcher, cleaned of soft tissue, marrow, and
periosteum, wrapped in saline-soaked gauze and aluminum foil, and kept frozen at −20 °C
until specimens were cut. Five cylindrical specimens of the tibial cortex (4 mm diameter, 10
mm length) were sectioned such that the specimen axis was parallel to the osteonal axis, and
then scanned to determine the dependence of T1 and T2* relaxation times of bone mineral
phosphorus on static magnetic field strengths. These specimens were later subjected to
deuterium exchange to investigate the mechanisms responsible for longitudinal relaxation. A
sixth, larger cylindrical cortical specimen (7 mm diameter, 30 mm length) was sectioned
from a lamb tibia and imaged for comparison with predicted SNR trends. An additional five
samples of cortical bone, weighing 300 mg each, were ground from the lamb tibiae in a
mortar and pestle under liquid nitrogen. The resulting powders were used to measure the
effect of partial demineralization on the relaxation times of bone mineral phosphorus. The

Seifert et al. Page 2

NMR Biomed. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



initial T1s of bone powders (84.97 ± 1.57 μs) were similar to those of intact bone specimens
(82.97 ± 2.18 μs), though a slight but statistically significant decrease in T1 was observed
upon addition of saline (79.91 ± 2.44 μs). All specimens were stored in saline until the time
of scanning. Intact specimens were gently blotted dry before scanning in a sealed vessel to
prevent dehydration. Powder specimens were mixed with saline to facilitate transfer into 5
mm NMR tubes, centrifuged, the supernatant removed, and the precipitate scanned. All data
were acquired at room temperature.

MRI Scanners and RF Coils
Experiments were performed on the following scanners: 1.5T, 3T, and 7T whole-body MRI
scanners (Siemens, Erlangen, Germany); a 4.7T horizontal-bore animal MRI scanner
(Varian, Palo Alto, CA); a 9.4T vertical-bore NMR spectrometer and micro-imaging system
(Bruker, Billerica, MA); and a 11.7T vertical-bore NMR spectrometer (Varian, Palo Alto,
CA).

For all except the 9.4T and 11.7T systems, a standardized set of transmit/receive (T/R) RF
coils were constructed and used (1 cm diameter, 3 cm length, 10 turns per cm, shown in
Figure 1). Each coil incorporated two interleaved solenoids connected in parallel, each with
5 turns per cm, to reduce the accumulation of phase along the electrical length of the coil.
These coils were designed to have sensitivity and homogeneity properties similar to high-
resolution NMR probes used in spectrometers. At 9.4 T and 11.7 T, vendor-supplied RF/
gradient probes with one gradient axis (for spoiling) were used.

T1 Measurements
As T2* approaches the duration of an RF pulse, spins experience relaxation during the pulse
and are rotated by less than the nominal flip angle, α=ω1TRF. To minimize the duration of
RF excitation pulses relative to T2*, saturation-recovery rather than inversion-recovery was
used for T1 measurements. A series of six 90-degree rectangular RF saturation pulses were
applied, each followed by a spoiler gradient (duration = 2 ms, amplitude = 20 mT/m). Bloch
equation simulations show that six repetitions of the saturation pulse-spoiler series saturates
longitudinal magnetization to 0.1% of initial magnetization in the presence of a flip angle
error of ±20%, and 0.0015% in the presence of a flip angle error of ±10%. After a
saturation-recovery time (tSR) following the final saturation pulse, a 90-degree rectangular
RF excitation pulse was applied, and free-induction decay (FID) acquisition was begun 20
μs after the end of this pulse. Transmit/receive dead time was taken into account during
reconstruction by dropping points acquired before T/R switching was completed (a typical
dead time is 40 μs). All 90-degree pulses were identical within each sequence, and RF pulse
durations at 1.5, 3, 4.7, 7, 9.4, and 11.7 T were 20, 10, 12, 10, 7, and 12 μs, respectively.
2048 complex points were read out at a dwell time of 5 μs. After acquisition, a final spoiler
gradient (duration = 5.2 ms, amplitude = 20 mT/m) was applied. TR was minimized for each
repetition, leaving only 1 ms before the first saturation pulse and 1 ms after the final spoiler
gradient. This sequence is diagrammed in Figure 2.

T1s were calculated by non-linear least squares fitting of peak amplitudes (processing details
are given below) to Eq. 1, where a, b, and T1 are fitted parameters:

[1]

T2* Measurements
T2* was measured using a pulse-acquire FID acquisition module identical to that of the
saturation-recovery sequence used for T1 measurements. For fully mineralized bone
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experiments, this sequence was implemented separately from the saturation-recovery
sequence. For deuterium exchange and partial demineralization measurements, the FID
acquisition after the longest tSR was taken from the saturation-recovery data.

The resulting spectra (processing details are given below) fit a Lorentzian better than a
Gaussian function; the quality of fit is shown in Figure 3. T2* was calculated from the full
width at half maximum (FWHM) of the fitted Lorentzian:

[2]

Multiple Fields and SNR Estimation
Each fully hydrated solid bone specimen was gently blotted dry and placed into a 5 mm
sealed plastic tube (1.5 T - 7 T) or glass NMR tube (9.4 T, 11.7 T), and T1 and T2*
measurements were performed. To estimate achievable spectral SNR, measured relaxation
times were incorporated into a signal equation (22) which was modified to account for loss
of phase coherence during the RF pulse and to include frequency-dependent sample-
dominated and coil-dominated noise terms:

[3]

and

[4]

where

[5]

and

[6]

describe the response of transverse and longitudinal magnetization, respectively, to a square,
on-resonance RF pulse of nominal flip angle α and duration TRF (23). These equations
represent purely coil- or sample-dominated noise cases; in practice, actual noise dominance
falls between these two extremes, and so these equations represent the upper and lower
bounds of expected experimental conditions.

The duration of the RF pulse is much less than T2*, so fxy ≈ sin(α) and fz ≈ cos(α) and the
Ernst angle equation, cos(α) = exp(-TR/T1), is therefore valid. The optimal flip angle,
calculated using TR = 250 ms and the measured T1, was used as the nominal flip angle at
each field strength, and a 10 μs RF pulse duration was assumed. SNR was estimated using
dead times (tdead) ranging from 0 to 400 μs. SNR at each dead time was normalized to the
value at 1.5 T to allow for comparison across field strengths and fitted to an empirically
chosen power law, y = aB0

b.

Seifert et al. Page 4

NMR Biomed. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Deuterium Exchange
To determine the contribution of 1H-31P dipolar interaction to the longitudinal relaxation
rate (R1 = T1

−1) of bone mineral phosphorus, relaxation measurements were repeated on the
intact bone specimens at 3 T and 7 T after deuterium oxide (D2O) exchange. The solid bone
specimens were thoroughly blotted dry, immersed in 3 mL of D2O saline (a 25-fold volume
excess) at 4 °C for 72 h, and scanned upon removal from the solution. The fraction of
longitudinal relaxation rate attributed to 1H-31P heteronuclear dipolar interaction was
quantified as

[7]

which follows from the ratio of the strengths of 1H and 2H dipolar coupling (given by the
direct dipole-dipole spin Hamiltonian) (24):

[8]

where I1H = ½, I2H = 1, γ1H = 42.58 MHz/T, and γ2H = 6.54 MHz/T are the spin quantum
numbers and gyromagnetic ratios of the two nuclei (25).

Partial Demineralization
A solid piece of lamb tibial cortical bone was immersed in liquid nitrogen and ground to
powder with a pestle in a mortar. Five 300 mg portions of the powdered samples were
measured and combined with 1.2 mL of saline, transferred to 5 mm NMR tubes, centrifuged
to settle the powder, and the supernatant removed. Relaxation measurements of the
precipitate were performed at 9.4 T, and the powder slurries were then transferred back to
storage vials.

The slurries were again centrifuged and the saline supernatant was drawn off and saved. 1.2
mL of 1% ethylenediaminetetraacetic acid (EDTA) solution was added to each sample, and
the samples were agitated and left at room temperature for three days to allow partial
demineralization to occur. After three days, the samples were centrifuged and the EDTA
solution was drawn off, saved, and replaced with 1.2 mL of fresh 1% EDTA solution. The
samples were again agitated and left for another three days at room temperature, centrifuged,
and the EDTA solution again drawn off and saved. The powders were rinsed with three 1.2
mL changes of water to remove any remaining EDTA and liberated phosphates. In each
rinse cycle, water was added, the samples were thoroughly agitated, centrifuged, and the
rinse water drawn off and saved. Thereafter, the precipitates were combined with 1.2 mL
saline, transferred to 5 mm NMR tubes, and centrifuged. Relaxation measurements were
performed on the precipitates at 9.4 T, and the saline and powder slurries transferred back to
storage vials. All saline, phosphorus-containing EDTA solution, and rinse water which had
been in contact with the bone powders was combined, lyophilized, and redissolved in 0.5
mL of water. The resulting solutions were scanned with a calibrated methylene
diphosphonate (MDP) capillary using high-resolution 31P NMR to quantify the amount of
phosphorus removed from each sample (number of dummy scans = 4, number of scans = 50,
flip angle = 90 degrees, number of points = 65536, bandwidth = 13021 Hz, TR = 47.5 s).

The cycle comprising removal of saline to re-addition of saline, relaxation measurement,
and high-resolution 31P NMR spectroscopy, was repeated two more times for a total of three
levels of demineralization. Subsequently, 7 mL of 1.23M HCl was added to each powder
specimen to dissolve all remaining bone mineral. After two days at room temperature, 10
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mL of water and 1 mL of D2O was added to each sample, and high-resolution 31P NMR
spectra were run to quantify the amount of phosphorus remaining in each sample of bone
powder after the final round of EDTA demineralization. The sum of this amount and the
amount of phosphorus removed during all rounds of partial demineralization is the total
amount of bone mineral phosphorus initially present in the bone. The degree of
demineralization after each round was quantified as the concentration of phosphorus in the
saline, EDTA, and rinse liquids divided by this sum.

Spectroscopy Processing Details
Two signal averages were used for deuterium exchange measurements at 7 T, and four for
all other measurements. Data were Fourier transformed and automatically phase-corrected
based on peak symmetry. All reconstruction and processing were performed using custom
scripts programmed in MATLAB (MathWorks, Natick, MA).

Imaging
To test predicted SNR behavior, a sixth, larger bone sample was imaged using two forms of
radial pulse sequences: 3-D ramp-sampled UTE (26) and 3-D ZTE (27-31), so called in
order to specify whether gradients are ramped up before or after RF excitation, respectively
(32). These imaging sequences, shown in Figure 4, were implemented in SequenceTree (33)
at 1.5 T, 3 T, and 7 T using the custom-built solenoidal RF coils described earlier. These
clinical scanners all have maximum gradient amplitude of 40 mT/m and slew rate of 180 T/
m/s.

The UTE imaging sequence started with a 20 μs rectangular RF pulse followed 40 μs later
by FID readout begun simultaneously with gradient ramp-up. The gradient direction was
varied for each repetition to acquire center-out k-space half-projections distributed
uniformly within a sphere using the method described by Wong and Roos (34). This
simultaneous readout and gradient ramp-up allows acquisition of the central region of k-
space, and the resulting non-uniform sampling density was corrected for during
reconstruction. A flip angle equal to the Ernst angle was used at each field strength: 11.3,
7.9, and 5.0 degrees at 1.5 T, 3 T, and 7 T, respectively. Other acquisition parameters were:
TR = 250 ms, number of points per readout N = 153, dwell time = 5 μs, number of
projections = 5000, field of view (FOV) = 310 mm in all dimensions, gradient ramp time =
250 μs, gradient amplitude = 38.69 mT/m, and number of averages = 1.

The ZTE imaging sequence also begins with a 20 μs rectangular RF pulse, though this pulse
is applied after gradients have stabilized at their constant maximum value. The gradient
direction was again adjusted for each repetition to acquire the same distribution of center-out
k-space half-projections as the UTE sequence. TR, dwell time, number and arrangement of
projections, FOV, gradient amplitude, and number of averages were also identical to the
UTE sequence described above, and the number of points per projection was N = 128.
Because the gradient was already ramped up to full strength before excitation, the same
portion of k-space is sampled as the 153-point UTE readout begun simultaneously with
gradient ramp-up. Due to receiver dead time, FID readout was begun 40 μs after the end of
the RF pulse. During this delay between excitation and beginning of readout, several k-space
points are lost. These points were recovered after the main ZTE acquisition using the
pointwise encoding time reduction with radial acquisition (PETRA) method (35), which
involves single-point acquisition on Cartesian coordinates within a central sphere of k-space.
Each single-point acquisition occurs at an echo time of 40 μs. This central Cartesian region
was merged with the surrounding radial region during reconstruction.
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Data from both UTE and ZTE sequences were re-mapped to a 256 × 256 × 256 point
Cartesian coordinate grid. To compensate for non-uniform sampling density, the weight
assigned to each k-space point during re-gridding was chosen according to the k-space
‘volume’ occupied by that point (26). Data were Fourier transformed using the non-
equispaced fast Fourier transform (NFFT) C subroutine library (36). The reconstructed
voxel resolution was 1.21 × 1.21 × 1.21 mm3; however, actual resolution is reduced from its
nominal value by point spread function (PSF) blurring due to broad spectral line width.

The signal-to-noise ratio of each image was calculated by dividing the mean signal intensity
within a volume of interest (VOI) drawn within the center of the bone sample to the mean
signal intensity within a VOI drawn in a region of background noise.

Results
Relaxation Times and SNR

T1 was found to increase monotonically with field strength from 12.8 ± 0.5 s to 97.3 ± 6.4 s
(mean ± standard deviation), and T2* to decrease from 220.3 ± 4.3 μs to 98.0 ± 1.4 μs.
These results are shown in Figure 5. Fitted parameters a and b in Eq. 1 were observed to be
approximately equal, indicating effective saturation.

Predicted spectral SNR for both coil- and sample-dominated noise was normalized to their
respective values at 1.5 T to facilitate comparison of field strength dependence between
noise scenarios (Figure 6). Before normalization, predicted coil-dominated SNR is greater
than sample-dominated SNR by a factor of 11.5 at 1.5 T. In each noise scenario, the field
dependence is shown for both a realistic receiver dead time of 40 μs in UTE and ZTE
imaging sequences reported in literature (in UTE and ZTE, echo time TE is more accurately
described as receiver dead time, as no actual echo is created in these sequences). A clear
SNR dependence on field strength is lost at tdead = 320 μs for coil-dominated noise, and
tdead = 130 μs for sample-dominated noise. For tdead = 40 μs, SNR is predicted to increase
as Bo

0.4 for sample-dominated noise and Bo
1.1 for coil-dominated noise.

Deuterium Exchange and Partial Demineralization
Replacement of exchangeable 1H atoms with 2H caused a substantial increase in T1, but
only a very small, albeit significant, increase in T2*, as shown in Table 1. Eq. 7 suggests that
78.6 ± 2.0% of R1 is due to 1H-31P heteronuclear dipolar interaction at 3 T, and 74.3 ± 2.1%
of R1 at 7 T. At each stage of partial demineralization, T1 decreased significantly while T2*
showed no dependence on level of mineralization (Table 2).

Imaging
UTE and ZTE images of a cylindrical sample of lamb tibial cortical bone (7 mm diameter,
30 mm length) acquired at 1.5 T, 3 T, and 7 T are shown in Figure 7. Quality factor ratios
(Qloaded/Qunloaded), which describe noise dominance, were 0.92, 0.74, and 0.21, respectively.
Noise is therefore predominantly coil-dominated at 1.5 T and 3 T, and sample-dominated at
7 T. Image SNR is displayed in each panel of Figure 7, and relative SNR trends, normalized
to the value at 1.5 T, are displayed within Figure 6. These trends roughly follow the coil-
dominated SNR predictions for 1.5 T and 3 T, but diverge at 7 T.

Discussion
The main objective of this study was to evaluate the dependence of SNR in solid-state 31P
imaging on static magnetic field strength, with the expectation that the findings will have
implications on the choice of field strength for in vivo 31P MRI studies of bone mineral.
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Although previous work has cast doubt on the notion that increasing field strength will yield
a greater SNR (17,20,37), these prior studies were performed on different sets of bone
specimens using disparate hardware and scanning parameters and, therefore, are not able to
provide conclusive evidence to support or reject this hypothesis. Wu, et al. previously
reported 31P T1s of 7 s, 19.8 ± 0.5 s, and 40 s in human cortical bone at 1.5 T (37), lamb
cortical bone at 2.0 T (31), and dry rabbit cortical bone at 4.7 T (38), respectively, although
the measurement of 51.1 s at 4.7 T by Cao, et al. (15) in fully hydrated rat cortical bone is
more relevant to the present study. Robson, et al. (20) also measured a T1 of 8.6 ± 3.0 s in
human cortical bone in vivo at 1.5 T. Anumula, et al. (17) found a value 54.1 ± 2.7 s for T1
in whole rabbit bone ex vivo at 9.4 T. Wu, et al. also reported 31P T2* of 199 μs and 143 μs
at 1.5 T and 2.0 T, respectively. These values are similar to those found by Robson, et al.
(207 ± 12 μs at 1.5 T), but are considerably larger than Anumula’s, et al. at 9.4 T (92.8 ± 7.5
μs). In addition to field strength, bone mineral 31P T1 is affected by the concentration of
nearby 1H nuclei, which in turn could depend on species, age, porosity, and hydration state
of the bone. Subtle differences in the composition of bone mineral, which is known to vary
with age (12), may also affect measured relaxation times.

The present study employed standardized RF coils, acquisition parameters, and analysis, and
measurements were performed on a single set of cortical bone specimens from the same
species and anatomical location. Our results generally support the field strength behavior
implied in these prior studies, although differences in the state of bone specimens have a
considerable effect on relaxation times (for example, 31P T1s of dry rabbit cortical bone and
hydrated rat cortical bone at 4.7 T differ by 28%).

Dipolar coupling involving protons, which is independent of B0, and chemical shift
anisotropy, especially of the fraction of 31P in the form of HPO4

2− (104-128 ppm (13)), as
well as induced local gradients arising from the difference in magnetic susceptibility
between bone and water, both being linearly dependent on B0, contribute to the effective
transverse relaxation rate (R2*) (Figure 5b). The near-absence of motional averaging of
these interactions in bone mineral leads to extremely short 31P T2*, although the fact that the
line shape fits best to a Lorentzian (rather than exhibiting a powder pattern) likely means
that negligible motional averaging of chemical shift anisotropy does occur. This restricted
motion also means that dipolar interactions with nearby 1H and 31P nuclei contain very little
power at the 31P Larmor frequency, leading to a very long 31P T1. While a sharp increase
in 31P T1 at high field would not be expected for a small, rapidly tumbling biomolecule such
as ATP (1.42 ± 0.21 s, 1.35 s, and 1.24 s at 4 T, 7 T, and 9.4 T, respectively (39-41)), it is
reasonable to expect such an increase in a solid due to the long rotational correlation time
(42).

Based on the measurements presented in this study, we can conclude that although the
relaxation properties of bone phosphorus do become significantly less favorable at higher
field strengths, as long as RF pulse duration and receiver dead time are adequately short
relative to T2* (TRF < 20 μs, Tdead < 40 μs), and k-space is traversed rapidly (tdwell ≈ 5 μs,
G > 30 mT/m), then SNR can be expected to increase with B0 for both sample-dominated
and coil-dominated noise.

Solid-state projection imaging pulse sequences implemented on clinical hardware with
transmit/receive extremity coils already commonly meet such requirements for pulse
duration, dead time, and bandwidth. It is important to note that Eqs. 3 and 4 predict spectral
SNR, and do not include the effect of k-space apodization due to T2* decay during readout.
Particularly in UTE where central k-space is traversed slowly during gradient ramping, the
low-spatial-frequency signals are attenuated resulting in an SNR penalty (43).
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Coil sensitivity and therefore SNR varies inversely with solenoid coil diameter, provided the
length-to-diameter ratio is constant (44), so a significant decrease in SNR is expected with a
larger solenoid receive coil. Birdcage coils, whose sensitivity is less than a solenoid of the
same size, would entail a further SNR decrease. The predicted SNR trends should apply for
a single RF coil arrangement, provided RF excitation at all field strengths can be
accomplished by transmit pulses of equal duration, while still operating within limits on
specific absorption rate (SAR) of RF power.

The predicted SNR behavior is supported by SNR calculated from images acquired at three
field strengths (Figure 6). Mirroring findings by Weiger, et al. (43), the ZTE imaging pulse
sequence was found to achieve higher SNR than its UTE counterpart at all field strengths
(88%, 126%, and 285% at 1.5 T, 3 T, and 7 T, respectively). A possible explanation for this
observation is that ZTE traverses k-space much more quickly than UTE (45) and, with
PETRA, uses single-point acquisition to sample the central portion of k-space with a
uniform, short delay time after excitation (46). Specifically, in ZTE, the time taken to reach
k = 30 m−1, measured from the center of the RF pulse to arrival at that point, is 40 μs, while
in UTE, the time taken to reach the same spatial frequency is much longer, approximately
190 μs, during which much more T2* signal decay would occur. This loss in relative SNR
efficiency for UTE is exacerbated at elevated B0 due to shortened T2*. Noise also becomes
sample-dominated at 7 T with a quality factor ratio of 0.21, causing image SNR for both
sequences to fall below the predicted coil-dominated SNR trend.

While increasing static field strength does offer an SNR advantage, other important factors
in MRI may become more problematic at high field. For example, as field strength increases
and T2* decreases (spectral line width increases), PSF blurring will increase, further limiting
intrinsic resolution. The FWHM of the PSF, with the gyromagnetic ratio expressed in MHz/
T is given by Eq. 9:

[9]

At a gradient strength of 40 mT/m, the width of the PSF can be expected to increase from
~2.1 mm at 1.5 T to ~3.9 mm at 7 T. This effect is qualitatively visible in both UTE and
ZTE images in Figure 7. Lastly, SAR increases quadratically with frequency, and could
become a limiting factor at high field strengths.

While this work proposes that 31P SNR in cortical bone improves with field strength, the
SNR of bone phosphorus is still several orders of magnitude lower than for 1H imaging of
bone water. Assuming a T1 of 223 ms and T2* of 390 μs for bone water at 3 T (47), TR of
250 ms, flip angle equal to the Ernst angle at this T1 and TR, pulse duration of 10 μs,
receiver dead time of 30 μs, and equal spin density, coil-dominated predicted SNR (Eqs.
3-6) is 55 times higher for 1H than for 31P of equal spin density. Intrinsic resolution, which
depends on gyromagnetic ratio as well as T2*, is also finer in bone 1H imaging, achieving a
point spread function FWHM of 0.48 mm at 40 mT/m gradient amplitude as opposed to 2.44
mm in 31P imaging.

Due to the different architecture of RF coils between the 1.5T – 7T scanners (solenoids) and
the 9.4T – 11.7T scanners (saddle), the cylindrical axis of the sample must be orthogonal to
the main magnetic field at 1.5 T – 7 T and parallel to the main magnetic field at 9.4 T and
11.7 T. Due to the incoherent macroscopic organization of bone mineral (48), we did not
expect relaxation properties to depend on orientation with respect to B0, as does the collagen
water proton signal (49,50). A cursory examination of relaxation times of bone specimens
oriented parallel and perpendicular to the main magnetic field did not reveal a significant
dependence.
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It has been postulated that bone mineralization, and therefore demineralization, proceed
under conservation of total bone volume (51). This means that as mineral is lost, it is
replaced by water. Deuterium exchange has shown that 1H-31P dipolar interaction is the
principal mechanism for T1 relaxation of phosphorus in bone. Thus, as suggested by Eq. 10
below, as demineralization progresses, the pool of water protons, N, contributing to 31P
relaxation increases:

[10]

Although the number of protons, N, increases with distance, it is also possible that these
additional water protons may be too far from the remaining 31P nuclei to contribute
appreciably to relaxation; however, because the remaining mineral crystals are smaller after
partial demineralization, the proportion of 31P nuclei at the surface of these crystals is
increased (i.e. the surface-to-volume ratio of the crystals is greater after demineralization),
also leading to an increase in longitudinal relaxation via a decrease in the average distance,
r, between 31P and 1H nuclei. Because of the significant shortening of T1 at relatively
modest levels of demineralization, use of a single, general value for T1 of bone mineral 31P
across different subjects for eventual bone mineral density quantification may affect the
accuracy of such an examination.

While the experimentally observed gains in SNR with field strength are in fair agreement
with predictions, the gains in larger objects such as the human extremities are likely more
modest. Even using an extremity coil, noise will presumably be sample-dominated, and so
the in vivo SNR gain, illustrated in the sample-dominated SNR predictions in Figure 6, will
likely not exceed a factor of two across the range of clinical field strengths. Lastly, besides
diminishing SNR returns with increasing field strength, other criteria, including increased
PSF blurring, must be taken into consideration when choosing a field strength for 31P
imaging of mineralized tissues.

Conclusions
In spite of the steep increase in bone mineral 31P T1 and decrease in T2*, SNR is predicted
to increase modestly with field strength. These predictions are supported as well by solid-
state 31P imaging. This work also shows that 1H-31P dipolar interaction is the dominant
longitudinal relaxation mechanism and that T1 is reduced with decreasing level of
mineralization of bone. The results have implications on MRI-based studies of bone
mineralization.
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List of Abbreviations
31P 31-Phosphorus

SNR signal-to-noise ratio

T2* effective transverse relaxation time

T1 longitudinal relaxation time

3-D three-dimensional

MAS magic angle spinning

UTE ultra-short echo time imaging

ZTE zero echo time imaging

RF radiofrequency

B0 static magnetic field strength

ω1 Larmor precession frequency in rotating frame of applied radiofrequency
magnetic field

TRF time duration of radiofrequency pulse

tSR saturation-recovery time

FID free-induction decay

FWHM full width at half maximum

tdead transmit/receive switch dead time

D2O deuterium oxide

R1 longitudinal relaxation rate

EDTA ethylenediamenetetraacetic acid

MDP methylene diphosphonate

FOV field of view

PETRA pointwise encoding time reduction with radial acquisition

PSF point spread function

VOI volume of interest

Q radiofrequency coil quality factor

SAR specific absorption rate of radiofrequency power
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Figure 1.
Example standardized RF coil used at field strengths from 1.5 T to 7 T. Coils are transmit/
receive parallel dual-conductor solenoids.
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Figure 2.
Saturation-recovery pulse sequence used for bulk T1 relaxation time measurements.
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Figure 3.
Sample 31P relaxation analysis data in specimen of lamb cortical bone at 7 T: a) lineshape
(solid line) with Lorentzian fit (dashed line); b) saturation recovery data (points) with
exponential fit (dashed line).
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Figure 4.
Imaging pulse sequences used for SNR comparisons to predicted trends: a) ramp-sampled
ultra-short echo time (UTE), and b) zero echo time (ZTE) PETRA, with single-point
sampling of k-space center.
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Figure 5.
31P (a) T1 (squares) and T2* (circles) relaxation times and (b) R1 (squares) and R2* (circles)
relaxation rates of bone mineral phosphorus in fully hydrated solid bone samples at six field
strengths. Lines connecting points are a visual guide only, and do not represent data or
predictions. Error bars are included, but do not extend beyond markers.
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Figure 6.
Predicted (solid markers) relative bone mineral 31P SNR based on measured relaxation times
at multiple field strengths at tdead = 20 and 40 μs, normalized to the value at 1.5 T for each
condition, and power fits (solid lines) at tdead = 40 μs. Relative SNR trends calculated from
actual UTE and ZTE imaging acquisitions (open markers), also normalized to the value at
1.5 T for each condition.
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Figure 7.
UTE and ZTE images (1.21 mm isotropic voxel resolution) of a longitudinal section through
the center of a cylindrical solid cortical bone specimen (7 mm diameter, 30 mm length) at
1.5 T, 3 T, and 7 T, with SNR values. Specimen dimensions are indicated with a dashed line.
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Table 2

Bone mineral phosphorus relaxation times at 9.4 T in bone powder samples before and after three stages of
demineralization

% Mineralization T1 (s) T2* (μs) R1 (s−1×10−3) R2* (s−1×103)

100.0 ± 0.0 79.9 ± 2.4 91.1 ± 0.3 12.5 ± 0.4 11.0 ± 0.03

97.4 ± 0.1 71.7 ± 1.6 91.8 ± 0.4 13.9 ± 0.3 10.9 ± 0.05

94.3 ± 0.4 68.5 ± 0.7 90.3 ± 0.5 14.6 ± 0.1 11.1 ± 0.06

92.0 ± 0.6 65.5 ± 1.2 91.7 ± 0.2 15.3 ± 0.3 10.9 ± 0.03

NMR Biomed. Author manuscript; available in PMC 2014 September 01.


