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Purpose: Single-sided 'H-NMR is proposed for the estimation of morphological parameters of
trabecular bone, and potentially the detection of pathophysiological alterations of bone structure.
In this study, a new methodology was used to estimate such parameters without using an external
reference signal, and to study intra- and inter-trabecular porosities, with a view to eventually
scanning patients.

Methods: Animal trabecular bone samples were analyzed by a single-sided device. CPMG of 'H
nuclei of fluids, including marrow, confined inside the bone, were analyzed by quasi-continuous
T distributions, and separated into two 'H pools: short and long 7> components. NMR parameters
were estimated using models of trabecular bone structure, and compared with the corresponding
micro-CT.

Results: Without any further assumptions, the internal reference parameter (short 7> signal
intensity fraction) enabled prediction of the micro-CT parameters BV/TV (volume of the
trabeculae/total sample volume) and BS/TV (external surface of the trabeculae/total sample
volume) with linear correlation coefficient >0.80. The assignment of the two pools to intra- and
inter-trabecular components yielded an estimate of average trabecular porosity (33+5)%. Via the
proposed models, the NMR-estimated BV/TV and BS/TV were found to be linearly related to the
corresponding micro-CT values with high correlation (>0.90 for BV/TV; >0.80 for BS/TV) and
agreement coefficients.

Conclusion: Low-field, low-cost portable devices, that rely on intrinsic magnetic field gradients
and do not use ionizing radiation, are viable tools for in-vitro pre-clinical studies of
pathophysiological structural alterations of trabecular bone.

Key words: single-sided portable NMR; trabecular bone; morphological parameters; intra-
trabecular porosity; bone quality.
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1 Introduction

High field whole body MRI is an essential tool for medical diagnosis. It is non-invasive and
does not use ionizing radiation. However, low field single-sided NMR [1,2] may also provide an
appealing approach for the assessment of biological tissue properties. Single-sided devices have
demonstrated their potential in human and animal models like human skin [3,4], silicone breast
implants [5], breast tissue [6,7], intestine [8,9], tendon [10], articular cartilage [11], bone [12,13],
fluid components of trabecular bone [13], and human mummies [14].

Single-sided devices allow the detection of signal from a sensitive volume (a slab), suitably
selected inside an object, regardless of its extension, placed on the magnet surface. They have the
additional advantages of low acquisition, running and maintenance costs, as they consist of small
permanent magnets, and are portable.

Recently [12,13], we proposed a method for applying single-sided NMR devices to animal
trabecular samples, for the evaluation of a parameter commonly used to assess trabecular bone
structure, the ratio (BV/TV) of the volume occupied by the trabeculae (BV) in a sample to the total
volume of the sample (7V), sometimes referred to as the bone volume fraction.

The development of single-sided NMR strategies for trabecular bone analysis are motivated by
the fact that trabecular bone fracture resistance depends not only on bone mineral density (BMD)
but also on the trabecular structure [15,16], and that diseases associated with an increase of bone
fragility and risk of fractures, such as osteoporosis, have a high impact on human health, quality
of life [16,30,31], and health care costs. The clinical standard for the diagnosis of osteoporosis,
dual energy X-ray absorptiometry (DXA), employs ionizing radiation, and provides a measure
only of the areal BMD [16,17]. Laboratory studies employing NMR, which does not use ionizing
radiation, have assessed the structural properties of trabecular bone using relaxometry,
diffusometry and magic angle spinning [12,13,18-29]. Clinical MRI assesses bone structure in vivo
[22,23], but high costs limit its suitability for routine screening. Screening campaigns of the
population at risk are desirable, and the development of techniques based on NMR single-sided
devices, which could easily be applied at low cost without ionizing radiation, might constitute a
future long-term goal.

The procedure proposed in Ref. 12 was based on the computation of the ratio of the 'H nuclei
signal from a slab inside the trabecular bone, properly selected using the device, to that from the

same slab selected inside an external reference sample, made of bulk marrow. There, the
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experimental setup was optimized to acquire the signal at the maximum depth allowed by the
device, leading to a low signal-to-noise ratio (SNR) and loss of detail on the short 7> side of the 7>
distribution of the samples.

In the current work, four spacers between the magnet surface and surface coil were used to
maximize the SNR. This permitted the use of an internal reference correlated both to BV/TV and
to a second parameter, the so called bone surface density BS/TV (the ratio of the external surface
of the trabeculae in a sample to the total volume of the sample).

We have also investigated the possibility of using NMR to study trabecular bone porosity at
different scales. Recent studies have underlined the importance of porosity in both cortical and
trabecular bone [32-34]. Ref.s [18,19] introduced the parameter ¢w, the average “intra-trabecular
porosity”, defined as the volume within the trabeculae not occupied by the mineralized collagen
matrix, divided by the total volume of the trabeculae, not including the spaces between trabeculae.
That parameter was determined by the analysis of 77 in defatted and water-saturated samples of
animal trabecular bone. In the present work, the definition of ¢ has been adapted to the analysis
of T» distributions of untreated trabecular samples. We discuss below the level of accuracy with
which the parameter ¢ can measure the “intra-trabecular porosity”, here defined as the ratio of
the volume of the spaces inside the trabeculae occupied by fluids to the total volume of the
trabeculae. Simple models are then proposed to formulate NMR estimators of BV/TV and BS/TV.

Briefly, we have improved the procedure presented in [12] by (i) changing the configuration
of the single-sided device, (ii) giving a physical interpretation to the 7> quasi-continuous
distributions, and (iii) applying simple theoretical models to connect NMR data to morphological
parameters. The estimated morphological parameters from NMR were validated by comparison

with the corresponding micro-CT parameters, which were taken as ground-truth.

2 Methods

Trabecular bone samples

Eleven cylindrical trabecular bone samples, ~1 cm in diameter, ~ 1.5 cm in height, were cored
from different sites of pig shoulders, placed inside glass tubes and immediately deep frozen. Bone
segments were obtained from the food supply chain; no animals were sacrificed for the purposes
of this work. AIl NMR measurements were performed before micro-CT analysis since preliminary

tests demonstrated a loss of the liquid component during the micro-CT measurements.
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NMR and micro-CT measurements
Table 1 summarizes instrument information and acquisition parameters for NMR and micro-CT

measurements.

*** Table 1 appears near here ***

The following morphological parameters were estimated by micro-CT, after a global
image thresholding performed using Otsu’s method [35]: the bone volume fraction (BV/TV (%)),
the bone surface density (BS/TV (mm™')), the trabecular number (7h.Nb (mm™')), the trabecular
thickness (7h.Th(mm)), the bone surface to bone volume ratio (BS/BV (mm')) and the trabecular
pattern factor (7h.Pf (mm')) that evaluates the connectedness of bone structures.

Figure S1 shows the NMR-MOUSE PMI10 (simply MOUSE in the following text)
configuration used, with 4 spacers between magnet and coil to maximize the SNR. In [12], the
configuration with no spacers was adopted, and only the signal with the longest 7>s could be
detected. Sensitivity increased with the number of spacers, at the cost of a reduced penetration
depth. In the current configuration, the sensitive volume was located at 3 mm above the surface
coil. With the current choice of measurement parameters (Table 1), the theoretical excited slab
thickness was 330 pum, rounded to 300 pm taking into account the sinc-shaped frequency
distribution.

Trabecular bone tissue can be highly heterogeneous across a sample. Therefore, all
samples were marked at one end, and two sensitive volumes were acquired for each sample, by
flipping the sample with respect to the coil, obtaining two configurations (Marker and No-Marker
configurations; Figure S1). We assumed, based on previous experience, that even samples from
the same specimens represented structurally different portions of the bone, so that the 22
measurements obtained could be considered independent.

To avoid possible systematic errors we followed this protocol: (1) the sample was left to
defrost for 45 minutes; (2) NMR measurement was performed in one of the two configurations;
(3) the sample was returned to the freezer; (4) later, acquisition was performed on the remaining

configuration.



The morphological parameters were evaluated by micro-CT in the two regions of interest
(ROIs) of the sample, trying to match, as best as possible, the regions sampled by the sensitive
volume. Such matching was possible due to the presence of the marker and a knowledge of the
position and the thickness of the sensitive volume. Figure 1A presents a coronal view of a micro-
CT scan of a sample along with examples of axial images of the analyzed ROIs in homogeneous
regions of samples (Figure 1B, C) and in 6 samples characterized by tissue heterogeneity (Figure

1 from (D) to (I))

*#* Figure 1 appears near here ***

Figure S2 displays image analysis for three bone samples representing three different
conditions found in our samples set. Errors associated with the micro-CT measurements were
evaluated considering that the main source of uncertainty was the selection of the threshold value
for bone segmentation. Hence, morphological parameters were evaluated using different
threshold values in the range defined by the “optimal threshold value” estimated by the Otsu’s
method + 5%. Examples in Figure S3 show the variation in BV/TV estimation for three samples,
where the segmentation was performed using 5 different values of the threshold: the “optimal

threshold value”, and 5 or 10 gray levels above and below this.

'H NMR data were acquired in the time domain using the CPMG pulse sequence and inverted
by the algorithm UPEN [36-39], implemented by the software UpenWin [36], to obtain quasi-
continuous 7> distributions. To invert decay data, a regularization parameter that smooths the
distributions is normally implemented to reduce excess variation [28,29]. An inversion algorithm
using a fixed smoothing coefficient may introduce details into the distribution not required by the
data, such as a tail broken into several peaks, even if the coefficient is adaptively chosen based on
the noise level of the data. The algorithm UPEN addresses this problem by using a locally variable
smoothing coefficient, determined by iterative feedback in such a way that the smoothing penalty
is roughly constant along the whole distribution. For comparison, bi-exponential fits were also

performed. Figure S4 shows the pipeline used for these two inversion methods.



Background of the proposed procedure
NMR relaxometry studies have found 'H 7> relaxation times for cortical and trabecular bones that
span from hundreds of us to hundreds of ms [13,18,19,28,29,40,41]. Under our experimental
conditions, the signal due to collagen protons, with 7> 10-60 us, was not detectable. The 7> quasi-
continuous distributions of the remaining fluids are substantially bimodal, with low minima
between the two peaks (Figures 2, S4). The marrow will also be considered “fluid”, though it
contains substances more viscous than bone fluids [42].

The methodology relies on a few assumptions. The first concerns the assignment of the

two peaks to two fluid compartments, not connected at the relaxation time scale. Let Sgpor¢7, be
the short 7> and  Sjon4r, the long 7> peak signal intensities. The total signal intensity will be

Stotal = Ssnortt, T Siongr,- Let 1, the “short 7> intensity fraction”, be the ratio of Sgpeper, t0

Stotal:

. . . SS 0!
n = short T, intensity fraction = =12 (1),
total

A further assumption concerns the relationship between signal intensity and compartment
density. The signal is proportional to the amount of 'H due to fluids in each compartment; if the
proton densities of the fluids are approximately the same [25], as well as the densities of water and
marrow [26], the signals should be proportional to the volumes of the spaces confining the fluids
themselves. Further assumptions concern the separation of the two 'H pools and their assignment
to intra- and inter-trabecular signals. We set the threshold time at 1 ms to separate the two
compartments on the 7> quasi-continuous distributions (Figure 2A), and as discussed in greater
detail below, the short and long 7> components were assigned to the intra- and the inter-trabecular

fluids, respectively.

Following ref. [18, 19], the ratio 77 can be interpreted as the ratio of the volumes occupied
by fluids inside the trabeculae (Vinwa-t) to the volume occupied by all fluids in the bone (Viot-fuids),
including the spaces between trabeculae:

11 = Vintra-to/ Viot-fluids-
The ratio 7 should provide a parameter to estimate the intra-trabecular porosity (¢w), the volume
within the trabeculae occupied by the fluids divided by the total trabecular volume. In fact, by

knowing the total porosity of the bone (¢twt), defined as the volume occupied by fluids within a



given trabecular bone sample divided by the volume of that sample, the value of ¢ can be
computed by Eq. 2 [19]:

P =1 Pt/ (1 = o + 7 90) ~ (2).
In a set of animal trabecular bones, the value of ¢, was found to be almost constant, with average

value = (29 + 4) %, for samples having ¢t spanning the range 40-70% [19].

BV/TV estimation from n

The volume occupied by the trabecula can be divided into two main contributions, the volume of
the intra-trabecular fluids and that of the mineralized tissue: BV= Vi, = Vintra-tb T Vminerat. The total
volume of the sample is 7V = Viot = Vinter-o + Viv. By adopting the assumptions discussed above,
the volume of the fluids inside the trabeculae is proportional to the intra-trabecular signal Sshort72,
and the volume in the inter-trabecular space (Vinter-t) 1S proportional to the inter-trabecular signal
Siong72, While the volume of the mineralized trabecular tissue (Vmineral) is related the porosity of the

trabeculae. For each sample:

Vintra—tb
Prp = (3)
tb Vintra—tb + Vmineral
implying the BV/TV ratio in percent can be expressed, in terms of volumes, by Eq. 4:
Vintra—tb
BV/TV = %V +100(%)  (4),
Vinter—tb + intra-th
Pep

which in terms of NMR signals can be rewritten in Eq. 5:

Sshorth
Pep

BV/TV = .100(%)  (5).

shortT,

Pep

SlongTz +

BS/TV estimation from n

The BS/TV ratio can be estimated by modelling the trabeculae as cylinders of radius R and height
h:



2. Vintra—tb
Pep 1
R

BS/TV = -100(%) (6).

+ Vintra—tb
Pep

Vinter—tb
The first multiplicative factor on the right side of the equation is the expression of the bone surface,
which comes from Vi, = 7R?h. Since the signal intensities of the long and short 7> components are
proportional to the volumes of the spaces occupied by the inter- and the intra-trabecular fluids,

respectively, the BS/TV ratio can be written in terms of NMR signals, as expressed in Eq. 7.

SshortT2
Py

R S Sshorth
longT, +
Pep

2.

BS/TV = -100(%) (7).

In each bone sample, R can be considered as the average value of the radius of all the
trabeculae. Following Eq. 5. and Eq. 7, the NMR estimates of BV/TV and BS/TV were computed
using estimated values of ¢y and R. Pearson’s and Lin’s coefficients were used to assess

correlation and agreement between NMR and micro-CT parameters.

Errors in the estimates of BV/TV and BS/TV by MOUSE
Mean and standard deviation were computed on thirty repeated measurements of Siotal performed
on a sample made of rubber, not subjected to degradation, tailored to obtain the same SNR level
as the bone samples.

The percentage error associated to Siotal Was estimated using the relative standard deviation

(RSD) calculated according to Eq. 8:
RSD =

Rllw»

x 100 ().

where S is the standard deviation of the repeated measurements of Siotal, and x is the value of the
corresponding average.

The error was found to be =1% as was the error associated with the short component. Errors on

BV/TV and BS/TV were then computed using error propagation.



3 Results

Micro-CT analysis

Calculated morphological micro-CT parameters are reported in Table 2. The data demonstrate
the variability of bone microstructure both among and within samples. For instance, BV/TV ratios
ranged from 24% to 53%, with no apparent intrasample correlation. M1-1 is typical: 38% at the
bottom and 28% at the top (Figure 1B and 1C, respectively).

Samples M2-2 No Marker and M2-4 Marker, Figure 1G and Figure 11, were characterized
by the highest tissue heterogeneity and have negative 7h.Pf in Table 2. A Principal Component
Analysis applied to micro-CT parameters (Figure S5) confirmed that these two samples did not
belong to the same set and were therefore excluded from the comparison between NMR and

micro-CT results.

**% Table 2 appears near here ***

NMR results

CPMG data analysis and separation between intra- and inter-trabecular signals
Figure 2 shows the quasi-continuous and bi-exponential 7> distributions of the samples. The quasi-

continuous distributions (Figure 2A) were substantially bimodal, ranging from around 0.1 up to
hundreds of ms, including a trough from 1 to 10 ms. The bi-exponential fit in Figure 2B displayed
a sharp separation between shorter and longer 7> components, with a short 72 component less than
1 ms in all samples. Residual analysis performed on the fits of each method showed that fitting
errors were comparable; fit mean percentage error (MPE) was (—0.04 £+ 0.03) % and (—0.06+0.02)
% for quasi-continuous and bi-exponential fits, respectively, while corresponding root mean
squared errors (RMSE) were 0.014+0.001 and 0.016+0.001.

As our later results will show, even though fit errors of both models are comparable, the bi-
exponential approach does not accurately model the structure of the trabecular bone.

*#* Figure 2 appears near here ***

Analysis of trabecular bone structure by T: quasi-continuous distributions



Assessing correlations between 1 and micro-CT morphological parameters

Figure 3 displays the results of an experiment in which samples of trabecular bone, cortical bone
and marrow were analyzed in homogeneous and inhomogeneous magnetic fields. A comparison
of the results justifies the use of a threshold at 1 ms to separate intra- and inter-trabecular signals.
Further discussion of this point is postponed until Discussion and Conclusions.

Figure 4 (A, B, C) shows a significant linear regression of 77, computed using the 1 ms threshold,
against the micro-CT parameters BV/TV, BS/TV, and Th.Nb. In each case, the correlation

coefficient is » > 0.80.

*#* Figure 3 appears near here ***

*** Figure 4 appears near here ***

Analysis of the intra-trabecular porosity
The mean intra-trabecular porosity (pw) of a trabecular bone sample can be estimated from its 7>

distribution by Eq. 2, knowing its total porosity (¢iwt). For each sample, an estimate of the ¢t was
found by dividing the signal of the sensitive volume detected by the MOUSE inside the bone
sample by the signal from the same sensitive volume acquired on a reference sample, made of
bone marrow. The ¢w, values of the samples are reported in Table 3, along with the corresponding
values of 77 and ¢, and compared with the values reported in ref. 19. The difference between the

two means was not significant (p=0.12) (Figure S6).

*** Table 3 appears near here ***

The g of each sample was also estimated starting from the bi-exponential analysis of
CPMG data, obtaining (27 + 3)%, significantly different from the mean value obtained by the

quasi-continuous distributions (33 £ 5)% (based on a t-test, p = 2.4 x 107 - Figure S7).
BV/TV and BS/TV estimations: direct comparison between NMR and micro-CT estimates

*#* Figure 5 appears near here ***
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Three different procedures were followed to estimate BV/TV and BS/TV by NMR. The
comparison between NMR and micro-CT estimates is summarized in Figure 5. When average ¢
values are available, they can be used to overcome the need for a reference sample. In Figure SA
and 5B, the mean value of ¢ available in the literature (29%) [19], and in Figure 5C and 5D the
mean value of our samples, pw =33% (Table 3), was used. Without recourse to an average, the
reference is needed to estimate the individual ¢ for each sample. This approach is demonstrated
in Figure SE and SF. To estimate BS/TV by Eq. 7, an estimated of the mean trabecular radius R is
also needed. We used half of the mean trabecular thickness computed by micro-CT (Table 2)
(Figure 5B, D, F). The correlation coefficients were >0.90 for BV/TV and >0.80 for BS/TV with
very good agreements as shown by the values of the Lin’s coefficients.

Bland-Altman (B-A) plots for the comparison of NMR and micro-CT estimates of
morphological parameters BV/TV and BS/TV are presented in Figure 6. They show that the
estimates of BV/TV and BS/TV obtained by the two methods are equivalent when the sample-
specific ¢y is considered. The use of fixed gpw = 29% resulted in the highest mean bias, most
significantly different from zero.

*** Figure 6 appears near here ***

The comparison between NMR and micro-CT BV/TV and BS/TV estimates computed by
bi-exponential analysis showed strong correlations but only weak to moderate agreement, as

highlighted by the bias terms of the linear fits (Figure S8).

BV/TV and BS/TV estimations: minimization of the mean squared error (MSE) between NMR and
micro-CT estimates

To retrospectively find the ¢w and trabecular radius required in Eq. 5 and 7 to minimize the mean
squared error (MSE) between NMR and micro-CT estimates of BV/TV and BS/TV, different values
of ¢ and trabecular radii were tried and MSE computed for each trial (Figure 7A and B). The
optimal ¢ was found to be 35%, while R was 90 um. Figures 7C and D show the corresponding

correlations between NMR and Micro-CT.

*** Figure 7 appears near here ***
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The same analysis performed using data obtained by the bi-exponential fits showed, Figure
S9, that the best value for g was 46%, considerably higher than (33+5)%, and the best trabecular

radius was ~ 130 um, 50% higher than the expected value.

4 Discussion and Conclusions

Our results rely on a few assumptions, the most demanding of which concern the analysis and the
interpretation of the 7> quasi-continuous distributions of trabecular bone, approximated in the
present work by bi-modal distributions. These assumptions regard (i) the assignment of the two
'H pools to intra- and inter-trabecular components, and (i) the threshold, set at 1ms, to separate
signals from the two pools (Figure 2).

Water in bone is present at various locations and in different states [24]. In cortical bone,
a small fraction of water exists in a form that can be considered “free” (the so-called pore water)
in Haversian canals (typical diameters ~50-200 um), in lacunae (~5 um) and in canaliculi (~0.1
um) [43,44]. CT images at high resolution provide information about dimensions, amounts, and
locations of these volumes [32-34]. A larger amount of water, the so-called bound water, is bound
to collagen [28,40,41].

In cortical bones from human samples, three components have been identified by CPMG
[28,40,41]: a component with 7> ~60 us, from collagen side-chains, a second one with 72 ~400 pus,
the bound water, and finally a third component with 72 > 1 ms, ascribed to lipids and to the pore
water. The bound- and pore-water was also quantified by Ultrashort Echo Time (UTE) in animal
cortical samples [44,45]. In Ref. [28], based on micro-CT at 6 um isotropic resolution, Haversian
canal porosity was quantified as (4.0 £ 1.0) %, and a similar porosity was assigned to lacunar-
canalicular spaces. Moreover, it was suggested that this latter portion of the pore water might be
included in the 72= 400 ps component [28], and this is consistent with the smaller sizes of such
spaces (0.1 — 5 um), compared to those of the Haversian canals (50-200 um), whose signal should
contribute to the longer 7> component.

Following Ref. [42] three levels of bone porosity are found within the cortical bone: the
vascular porosity, the lacunar—canalicular porosity and the collagen—apatite porosity, all

containing fluids. The lacunar—canalicular porosity and the collagen—apatite porosity are also
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found within the trabeculae of the trabecular bone. In trabecular bone, there is the further porosity
contributed by the inter-trabecular space containing marrow, fat, and blood vessels.

Therefore, we can assume that the signal from the fluids inside the trabeculae is due, in
larger amount, to the water bound to collagen (the bound water), with a smaller contribution due
to the pore water of the lacunar-canalicular porosity, and that those fluids generate the short 7>
peak. The signal from the inter-trabecular fluids forms the long 7> peak, distinct from the short 7>
peak because the two environments are not connected at the relaxation time scale.

Regarding the justification for setting the threshold at 1 ms, the comparison of the 7>
distributions obtained in the homogeneous magnetic field of a home-made relaxometer and in the
inhomogeneous field of the MOUSE for animal cortical bone and trabecular bone are shown
respectively in Figure 3A and Figure 3B, while the distributions for trabecular bone, cortical bone
and a sample of bulk marrow, all obtained by the MOUSE are compared in Figure 3C.

The single-sided device should induce a shift of the water signals to shorter 7»s, due to the
molecular diffusion inside its field gradient. In Figure 3A, the same tail for 7> > 1 ms is shown for
both devices, suggesting that the amount of water in the Haversian canals, if any, was negligible.
The broadening of the short 7> peak (72<1ms) shown by the single-sided device is explained by
the shift to even shorter times by diffusion of water in the lacunar-canalicular spaces.

The effects of diffusion appeared in both the cortical and the trabecular bone (Figure 3A
and 3B). In Figure 3B, the single-sided device shows the shift to shorter times for water signal
inside the inter-trabecular spaces, over the range 1-10 ms, while the signal obtained inside a
homogeneous magnetic field blends into the baseline. Figure 3C shows that the marrow signal
does not contribute to the range from 1 to 2-3 ms, where the signal from trabecular bone is high.
Therefore, the signal from fluids in the inter-trabecular space is present in this range. The threshold
at 1 ms is a compromise that avoids losing part of the signal of the intra-trabecular water while
simultaneously reducing the possible contribution to shorter 7> of the inter-trabecular water shifted
by diffusion to shorter times.

Taken together, these considerations suggested that the parameter 7, the short 7> intensity
fraction, could provide an internal reference signal. This parameter showed linear correlations,
with high Pearson’s coefficient (> 0.80; p<0.001), with the micro-CT estimates of BV/TV, BS/TV
and 7b.Th (Figure 4). Therefore, this newly proposed procedure requires no external reference to

predict BV/TV, and in addition provides information on BS/TV and Tb.Th.
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The present work also aimed to find methods based on single-sided NMR of estimating the
average porosity of the trabeculae, here named the intra-trabecular porosity, (¢w), the ratio of the
volume of the fluids inside the trabeculae to the total volume of the trabeculae. To estimate ¢w, a
knowledge of the total porosity ¢t of the sample was needed. This could be determined by weight,
or, as shown above, by comparison of the sample signal with that of the reference sample made of
marrow. Such a procedure reintroduces the need for an external reference, but, at the same time, it
allows ¢ to be estimated for each sample, using 7 and @i in Eq. 2. This method provided the
average value of the intra-trabecular porosity of our set of samples (33+5) %, (Table 3).

Regardless of how the value of ¢ is derived (by an external reference, by weight, or from
the literature), it is straightforward, through Eq. 5 and 7, to provide robust NMR estimators,
expressed in the same units as the micro-CT estimated quantities, of the parameter BV/TV, and,
through the introduction of the radius parameter, R, of BS/TV, also. It is worth noting that the
correlations and agreements are better than the ones computed by the use of # (Figures 4 and 5).

A new method for investigation of the values of ¢ and R is demonstrated here, namely
the minimization of the error of the agreement between NMR and micro-CT estimated parameters
(Figure 7). This error minimization method can usefully be applied in the laboratory for in vitro
studies of the structure of different kinds of trabecular bones. Figures 7A and 7C show the results
for BV/TV. The minimum squared error was obtained by setting ¢w = 35% (Figure 7A), a value
within the interval (33+£5)% of data measured for the samples of the present study (Table 3, Figure
S6). Figure 7B and 7D show the results for BS/TV. The minimum squared error was obtained by
setting R = 90 um (Figure 7B), close to the expected value, and consistent with half the mean
trabecular thickness (Table 2).

In order to investigate different approaches to data modelling, we compared the results
obtained by both quasi-continuous and bi-exponential distributions (Figure 2). Both models were
able to provide good fits to CPMG data, with comparable errors (Figure S4), but bi-exponential
analysis did not adequately estimate the morphological parameters (Figure S7, S8, S9). The bi-
exponential analysis has the advantage of fitting the data using a small number of parameters, but
even if the two models fit the experimental data equally well, their assumptions differ greatly. As
previously noted [29], “it is important to keep in mind that bi-component analysis, whether based

on T>* or T, and whether performed in one or two dimensions, involves one major, and incorrect,
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assumption: the existence of two pools with discrete relaxation times. 7> values are instead
distributed continuously over several orders of magnitude”.

In conclusion, we were able to improve the procedure presented in [12] by (i) changing the
configuration of the single-sided device (Figure 1, Figure S1), (ii) giving a physical interpretation
to the 7> quasi-continuous distributions, and (7ii) applying simple theoretical models to connect
NMR data to morphological parameters.

The novelty is not limited to this improvement since the newly proposed procedure is able to
assess trabecular bone structural parameters other than BV/TV, such as BS/TV and intra- and inter-
trabecular porosities.

The literature does not clearly establish the extent to which diseases affecting bone tissue
modify its structure at the intra- and inter-trabecular levels, although parameters such as the intra-
and inter-trabecular porosities may vary with such diseases. It is not clear whether the imbalanced
and excessive bone remodeling that occurs in bone pathologies only affects the trabecular
network, by removing some trabeculae, or if it also affects the intra-porosity of the trabeculae
themselves. Having established a method to investigate trabecular bone structure with single-sided
NMR, even at the intra-trabecular level, future studies can focus on assessing these effects.

The strong level of correlation and agreement between NMR and micro-CT estimators
demonstrates that our NMR methodology is adequate for parameterizing trabecular structure, at
least as well as micro-CT does. Of course, the method is affected by certain limitations. It relies
on models that over-simplify a complex biological system. Intrinsic limitations are the low signal-
to-noise ratio, and some physical assumptions. The measured 7> values are not pure 7>, as they
are affected by diffusion; moreover, 7> distributions are obtained by inversion algorithms that try
to solve a problem that is intrinsically ill-posed. The 1 ms threshold, even though justified here by
morphological and physical considerations, introduces an element of arbitrariness into signal
assignment.

Nevertheless, the results presented give grounds for confidence in the usefulness of single-
sided NMR for studying bone porosity at different scale levels, and provide a future way to study
the variations of the bone porosities associated with bone diseases. If this confidence is justified,
while the proposed methodology is still a long way from possible extension to scanning patients,
it is possible to envisage screening campaigns conducted on populations at risk of bone diseases,

such as osteoporosis, thanks to the low cost and portability of the device. On the medical-scientific
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side, future studies need to assess the effects of bone diseases on trabecular structure. On the
technical side, it is necessary to identify the most appropriate region of the body for scanning,
possibly easily accessible structures such as calcaneus or distal radius. The hardware (magnet and
coil) could then be redesigned to properly fit that region. Even if much work is still needed in
those directions, we consider our results to be a significant step towards the long-term goal of the

use of single-sided NMR systems for in-vivo applications.
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NMR

Micro-CT

Instrument
Spectrometer
Acquisition Software
Configuration

Spacer Thickness
Frequency (‘H)
Magnetic field gradient
Pulse length

Pulse Sequence

Echo Time (Tk)
Number of Echoes
Repetition Time
Number of Scans
Total acquisition time

NMR-MOUSE PM10 ©
KEA T ®

Prospa

4 spacers inserted
2 mm

13.88 MHz

14 T/m

S us

CPMG

50 us

2000

6s

128

~13 minutes

Instrument Skyscan micro-CT mod.1072¢"
X-ray source 50kV -200 pA

Resolution 20 um (pixel size)

Rotation 180 degree - on its axis
Rotation step 0.9 degree

# of projections 206

Reconstruction ~ NRecon software ver. 1.6.8.0 ¢
Analysis CtAnalyser ver. 1.14.4.1 9
Threshold Otsu’s method

) Magritek Ltd, Wellington, NZ

) Bruker MicroCT, Konthich, Belgium

Table 1. Details and parameters of NMR and Micro-CT measurements
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Sample Orientation  BV/TV (%) BS/TV (%) Tb.Nb BS/BV Tb.Th Tb.Pf

(mm™) (mm™) (mm) (mm™)
Mil-1 No Marker 38 9.1 2.26 23.7 0.171 53
MI-1 Marker 28 6.4 1.65 23.0 0.170 6.0
MI1-2 No Marker 41 9.2 2.31 224 0.178 42
MI1-2 Marker 36 7.7 1.99 21.6 0.180 3.1
M1-3 No Marker 45 9.9 2.54 22.0 0.177 24
M1-3 Marker 31 6.2 1.59 20.6 0.189 5.6
M1-4 No Marker 44 10.7 2.70 239 0.166 -4.5
Ml1-4 Marker 32 7.5 1.92 23.1 0.170 4.3
M1-5 No Marker 35 8.1 2.03 23.7 0.168 -14
MI1-5 Marker 26 6.1 1.61 23.6 0.160 5.5
M2-1 No Marker 34 9.0 2.23 26.5 0.152 4.7
M2-1 Marker 29 7.6 1.94 25.5 0.154 0.1
M2-2 No Marker 51 13.7 3.62 26.3 0.144 -27.8
M2-2 Marker 33 7.4 1.83 22.9 0.177 6.5
M2-3 No Marker 24 6.7 1.61 27.9 0.148 9.9
M2-3 Marker 38 7.5 1.95 20.0 0.193 2.0
M2-4 No Marker 28 7.0 1.70 25.0 0.164 7.9
M2-4 Marker 53 12.8 3.60 24.9 0.143 -18.8
M3-1 No Marker 44 9.0 2.22 20.3 0.201 1.5
M3-1 Marker 41 8.5 2.16 20.4 0.192 1.5
M3-2 No Marker 45 11.1 2.77 24.7 0.162 0.1
M3-2 Marker 34 8.1 2.16 23.6 0.160 4.3

Table 2. Morphological parameters of the trabecular bone samples estimated using micro-CT.
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This study (*) Ref. [19]

Sample label ~ Orientation 1 (%)  ¢wt (%) 0w (%) S?;Elg 11 ¢ Qrot (%0) ow (%)
Mi1-1 Marker 14 76 31 1 66 31
Mi1-1 No Marker 19 73 34 2 56 30
MI1-2 Marker 20 77 40 3 55 29
MI1-2 No Marker 20 70 32 4 46 31
MI1-3 Marker 12 74 25 5 44 30
MI1-3 No Marker 23 72 38 6 65 34
Ml1-4 Marker 13 73 27 7 60 26
MI1-4 No Marker 22 76 41 8 48 25
M1-5 Marker 8 76 20 9 54 26
M1-5 No Marker 14 78 34 10 59 26
M2-1 Marker 11 84 37 11 58 25
M2-1 No Marker 14 77 32 12 72 36
M2-2 Marker 16 80 39 13 69 22
M2-3 Marker 18 77 37 14 67 38
M2-3 No Marker 10 79 27 15 63 33
M2-4 No Marker 14 81 37

M3-1 Marker 20 71 34

M3-1 No Marker 21 71 34

M3-2 Marker 15 77 33

M3-2 No Marker 23 78 32

Mean =+ Std Mean + Std
33+5 29+5

Table 3. Values of 7, pwt, and @w for the trabecular bone samples considered in this study and
intra-trabecular porosity reported in ref. 19.

(*) Each measurement was affected by an error in the order of a few percentage units. It is worth
mentioning that, for this comparison, the four samples in which growth cartilage and less
mineralized bone tissue were present were excluded from the test, which are 4 out of 20 samples,
because samples with these characteristics were not present in the set of samples used in [19].
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List of Figure

Representative slice from Representative slice from
MARKER NO-MARKER

(G) M2-2 No Marker (H) M2-3 Marker (I) M2-4 Marker

Figure 1. Examples of micro-CT analysis of trabecular bones. (A) coronal view of a micro-CT scan, with the
positions of the two sensitive volumes chosen for the NMR acquisitions, (B) and (C) axial micro-CT images acquired
on the two corresponding ROIs for a sample where only bone and bone marrow were present. The sensitive volume
(300 pum thick) was located at 3 mm from the coil surface. Although ROIs selection was performed with care, it is
possible that the positions of the slices chosen for the micro-CT analysis could differ on the order of a few tens of
microns from those intercepted by the NMR sensitive volume. From (D) to (I), slice examples are provided from
micro-CT images of the 6 more heterogeneous samples containing growth cartilage, which has the same gray level
as marrow, and less mineralized bone tissue, that appears less intense than bone in the images. “M2-2 No Marker”
and “M2-4 Marker” (G) and (I) are the two samples excluded from the analysis (see Results).
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Figure 5. Comparison between NMR and micro-CT estimated morphological parameters. In (A), (C) and (E) BV/TV;
in (B), (D) and (F) BS/TV. The NMR parameter were estimated in (A) and (B) using ¢ =29%; in (C) and (D) ¢w
=33%; in (E) and (F) the individual sample specific ¢w, as reported in Table 3 for each sample, was used, requiring
the use of a reference signal. For the NMR estimation of BS/TV we used R = 86 pm. The linear fits have slopes close
to 1 and bias terms close to zero. The Pearson’s and Lin’s coefficients were reported. It is worth noting (Figure SE
and 5F) that the use of the individual sample specific value for ¢y, moved the four samples with cartilage (red dots)
below the best fit line.
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Figure 6. Bland-Altman (B-A) plots for the comparison of NMR and micro-CT estimates of morphological
parameters BV/TV and BS/TV are reported. For each B-A plot, the following statistics are reported: i) the mean value
of the differences (i.e. mean bias, horizontal solid line), reported along with the p-value of the t-test where the null
hypothesis is that the differences come from a normal distribution with mean equal to zero and unknown variance;
ii) the limits of agreement (horizontal dashed-dotted lines) and iii) the linear regression fit (red dashed line) along
with correlation coefficient and corresponding p-value. The NMR estimates were evaluated using different values for
ow. In Figure 6A and 6B, the mean value of the trabecular porosity available in literature [19] (pw = 29%) was used.
In Figure 6C and 6D the mean value of our samples, ¢ =33% (Table 3) was used. In Figure 6E and 6F, the individual
ow estimated for each sample was used, a procedure that requires the reference signal.
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Figure 7. Minimization of the error of the fit between NMR and micro-CT parameters. (A) Mean Squared Error
(MSE) between NMR and micro-CT estimated BV/TV as a function of the ¢y parameter used in Eq. 5. (B) MSE
between NMR and micro-CT estimated BS/TV as a function of the trabecular radius, R used in Eq.7. The best value
of @ to minimize the error on the estimation of BV/TV was found to be 35% (Figure 7A) and to minimize the error
on BS/TV was found to be 90 um (Figure 7B). In (C) and (D) the plots are reported of the NMR against micro-CT
estimates of the two parameters, computed with the minimization values found in (A) and (B), respectively. Linear
model coefficients (Figure 7C and 7D) do not significantly differ from those reported in Figure 5C and 5D. The value
35% belong to the interval (33+5) % in Table 3, and 90 um is consistent with half the sample mean trabecular

thickness (Table 2).
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