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Bone mineral nanoparticles, residing between collagenous fibres, contain a crystalline apatite core (CAC)
covered by an amorphous hydrated surface layer (AHSL). The main objectives of this work were to
characterize the nanoparticles of human bone mineral and their discrete CAC and AHSL regions and relate
this information to bone diseases. This pilot study involved 18 postmenopausal women suffering from
osteoarthritis together with osteoporosis or osteopenia. Trabecular tissue specimens were acquired from

Keyw{ords: the femoral intertrochanteric region during total hip arthroplasty. The specimens of whole bone were
;\patlte examined by 3'P solid-state NMR (ssNMR) to measure the concentration ratio of phosphorus in the AHSL
one

and CAC locations, together with their 3P linewidths and spin-lattice relaxation times. It was found that
the AHSL region of the studied specimens contained 13-24% apatite phosphorus. The magnitude,
hydration and structural order of AHSL and CAC were dependent on the progress of the pertinent
diseases. Thus, the 3'P ssNMR spectroscopy can be used ex vivo to selectively analyse the discrete
nanoapatite environments in whole bone specimens and possibly assist in postoperative medical
diagnostics.
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Introduction

Bone may be considered an interpenetrating biological
composite of mineral and collagen constituents (Fratzl et al.,
2004; Fantner et al., 2006; Reznikov et al., 2014; Stock, 2015).
Another crucial component is water, which is ubiquitous in the
bone tissue and exerts a considerable effect on its biological and

Abbreviations: OA, osteoarthritis; OPS, osteoporosis; OPA, osteopenia; sSNMR, solid-
state NMR; CAC, crystalline apatite core; AHSL, amorphous hydrated surface layer;
MAS, magic angle spinning; Min/matrix, the mineral-to-matrix ratio; COs/P,
carbonate-to-phosphate ratio; XST, crystallinity; BMD, bone mineral density; PCA,
principal component analysis; MSME, multi-slice multi-echo; BV/TV, bone volume
to total volume ratio; BD, Bloch-decay (pulse-acquire NMR experiment); FWHM,
full width at half maximum; DEXA, dual-energy X-ray absorptiometry; CrossLaps,
3-CTX, C-terminal telopeptide of type-I collagen; Osteocalcin, bone -y-carbox-
yglutamic acid-containing protein; CV, coefficient of variation; B/A, concentration
ratio of phosphorus in the AHSL and CPC locations; MSA, measure of sampling
adequacy; CP, cross-polarization (polarization transfer in ssSNMR); HPD, high-power
decoupling.
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mechanical properties (Timmins and Wall, 1977; Cazalbou et al.,
2004; Wehrli and Fernandez-Seara, 2005; Wilson et al., 2005;
Wilson et al., 2006; Nyman et al., 2008; Techawiboonwong et al.,
2008; Rey et al., 2009; Rai and Sinha, 2011; Rai et al., 2013; Wang
et al., 2013; Pasteris et al., 2014; Samuel et al., 2014; Duer, 2015;
Granke et al., 2015; Rai et al., 2015). The bone mineral structure can
be studied at the nanosize level (Kaflak-Hachulska et al., 2003;
Kolodziejski, 2005; Kaflak and Kolodziejski, 2007, 2008) and it
shows differences in healthy and diseased bone tissue (Boskey and
Coleman, 2010; Boskey, 2013; Bala and Seeman, 2015). In the
present work specimens from postmenopausal women suffering
from osteoarthritis (OA) and from osteoporosis (OPS) or osteopenia
(OPA) are examined using solid-state NMR (ssNMR). Special
attention has been given to the characterization of specific mineral
compartments.

Bone mineral consists of apatite nanoparticles (platelets 8-
40nm long, 5-25nm wide and 1-1.5nm thick (Boskey and
Coleman, 2010)), which have a crystalline apatite core (CAC)
and an amorphous hydrated surface layer (AHSL) (Cazalbou et al.,
2004; Wilson et al., 2005; Jager et al., 2006; Wilson et al., 2006;
Kaflak and Kolodziejski, 2008; Rey et al., 2009; Sakhno et al., 2010;
Gaidash et al., 2011). Apatites are phosphate minerals, predomi-
nantly crystallizing in the hexagonal space group P63/m. The best
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known member of the apatite family, pure stoichiometric calcium
hydroxyapatite Cao(PO4)s(OH)s, is rare and difficult to synthesize.
In fact, the bone apatite of CAC is non-stoichiometric, Ca** and OH~
deficient, and full of crystal defects and impurities (LeGeros, 1991;
Cho et al., 2003). It contains carbonate ions COs2~ (4-6wt %),
mainly substituted for orthophosphate ions PO,3~ (B-type
substitution). CAC is covered by AHSL, which is 1-2nm thick
(Jager et al., 2006; Bertinetti et al., 2007; Kaflak and Kolodziejski,
2008; Sakhno et al., 2010), contains 40-55% of apatite phosphorus
(Jager et al., 2006; Kaflak and Kolodziejski, 2008) and comprises
ionic, non-apatitic environments regulating apatite reactivity and
evolution (maturation, ion mobility and adsorption properties)
(Cazalbou et al., 2004; Rey et al., 2009). Essentially, AHSL combines
the mineral and the organic matrix (collagen) and provides bone
with unique strength and resilience (Wilson et al., 2005; Wilson
et al., 2006; Granke et al., 2015).

In recent years there has been a growing interest in the effects
of hydration and dehydration on the properties of bone. It is
surprising that latest ssNMR articles (Zhu et al., 2009; Xu et al.,
2011; Mroue et al., 2012, 2014, 2015; McElderry et al., 2013; Gul-E-
Noor et al., 2015) have not addressed the AHSL and CAC mineral
compartments in the calcified tissues, although the importance of
those environments is already well established (Combes et al.,
2016). McElderry et al. (2013) performed joint 3!'P ssNMR and
Raman studies, but skipped the analysis of the ssNMR line
components attributed to AHSL and CAC (Jager et al., 2006; Kaflak
and Kolodziejski, 2008) and of the 945-950cm~! Raman band
assigned to amorphous phosphate or crystallographically disor-
dered phase (Awonusi et al., 2007). Zhu et al. (2009) monitored
only total water content in whole bone using 'H ssNMR under MAS
at 10 kHz. Other works from the Ramamoorthy group were mainly
focused on the organic matrix (Xu et al., 2011, 2015; Mroue et al.,
2012, 2014). Successfully, the 'H ssNMR with ultra-fast MAS over
100kHz (Mroue et al., 2015) and elaborate 'H and ?H relaxation
studies of water in bone (Gul-E-Noor et al., 2015) were capable of
resolving water in the apatite and collagen of the bone tissue. Such
water associated with the apatite mineral and the collagenous
matrix is called bound water, in contrast with the more mobile,
liquid-like pore water of the haversian and the lacunocanalicular
systems.

It is obvious that the bone tissue undergoes changes with aging
and in diseases (Rosen et al., 1999; Rosen et al., 2013). However, the
knowledge of those changes in the bone mineral is rather
fragmentary and incomplete. Two recent reviews give a depend-
able summary of the latest results, mainly obtained using
vibrational spectroscopic imaging (Boskey and Coleman, 2010;
Boskey, 2013). In such studies conclusions are drawn from the area
ratios of appropriate FT-IR or Raman bands. Therefore, the acquired
chemical information has a relative sense and it is from the
molecular level of bone. Thus, for animal models it is concluded
that with increasing subject or tissue age, there is an increase in the
mineral-to-matrix ratio (Min/matrix), carbonate-to-phosphate
ratio (COs3/P), relative OH~ content, Ca/P molar ratio and
crystallinity (XST), while a decrease in the HPO42~ substitution
is observed. In human bone, both cortical and cancellous, Min/
matrix, COs/P and XST increase with age but the HPO4%~
substitution decreases. In osteoporotic human cortical bone there
is an increase in Min/matrix and XST, while COs/P remains
unchanged. In osteoporotic human cancellous bone there is only an
increase in XST, while Min/matrix and COs/P are not changed. The
effect of OPS on the HPO4?~ substitution in human bone mineral
has not been yet determined.

The bound water in human cortical bone decreases with age,
according to adequate group comparison (Granke et al., 2015) and
bound water density correlates negatively with age (Seifert et al.,
2014). However, the total cortical bone water (bound H,O plus pore

H,0) increases 65% for postmenopausal women, compared to the
premenopausal group (Techawiboonwong et al., 2008). It has been
reported that the bound water content and the total water content
both decreased in osteopenic-rat trabecular bone (Rai et al., 2013).
Other work has demonstrated that amorphous phosphate material
(ACP), which we suppose is located in AHSL, increased sharply in
osteoporotic rat bone up to 36 vol. % (Gaidash et al., 2011). It seems
that at least in the rat model, an increase in the AHSL magnitude
caused by OPA or OPS is probably accompanied by some
dehydration of this tissue compartment.

So far, no chemical information is available for the osteoarthritis
effect on the mineral of human trabecular bone in the joints. The
expected effect may be substantial, because the subchondral bone
in OA has a higher bone mineral density (BMD) (Im and Kim, 2014).
Maltsev et al. (2007) studied subchondral cortical bone from the
joints of two horses with OA in comparison to reference material
from three healthy animals. They did not find any differences
between the mineral structure and composition of the specimens
from diseased and healthy subjects. However, because of the small
number of the studied cases, that conclusion ought to be verified.
To the best of our knowledge, no work has reported the magnitude
of AHSL and its water content in human or animal bone, neither in
healthy nor in diseased tissues. In this work we show that this
information can be obtained using classical 3'P relaxation
measurements. Our working hypothesis is that NMR character-
istics of the AHSL and CAC regions of bone apatite are dependent on
OA and OPA/OPS bone diseases.

OA and OPS diseases in elderly people are huge health
problems. In this project we have studied OA/OPS and OA/OPA
specimens from whole bone taken during surgical operations of
alloplastic reconstruction of the hip joints in postmenopausal
women. The bone mineral has been specifically examined using >'P
ssNMR. The specimens have been investigated without any
chemical pretreatment, so the organic matrix has not been
removed or affected. Moreover, the samples have not been
powdered, because the spectra were acquired without magic
angle spinning (MAS). Thus, the studies were on intact bone
without any interference to the tissue structure.

The 3'P NMR spectroscopy has successfully been applied to
investigate tissue metabolites (Bartusik and Aebisher, 2015). In this
work we analyse the bone mineral structure using saturation
recovery measurements of the 3!P spin-lattice relaxation time T;",
coupled with appropriate 3'P ssNMR line deconvolutions and
statistical principal component analysis (PCA). This original
procedure allows us to observe the distribution of P-sites between
the AHSL and CAC regions, probe hydration of those compartments
and shed more light on patient classification. We suggest that it
could be further implemented in the 3!'P magnetic resonance
medical diagnostics.

Materials and Methods
Preparation of specimens

The study was performed on 18 samples of human osseous tissue
taken from Polish postmenopausal women suffering from OA
together with OPS (14 patients) or OPA (four patients). Unfortu-
nately, an adequate control group of postmenopausal women
without bone diseases was not available for comparison purposes.
Cylindrical core specimens of trabecular tissue, fitting 7 mm
ssNMR rotors, were acquired from the femoral intertrochanteric
region during total hip arthroplasty (details in Supporting
Material). The samples were then lyophilized and sterilized (using
v irradiation of 3.5 KGy). Lyophilization does not affect the bound
water from the bone mineral (Kaflak-Hachulska et al., 2003; Kaflak
and Kolodziejski, 2007).
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Ethics

The research was granted permission from the local research ethics
committee of the Medical University of Warsaw. All procedures
performed involving human participants were in accordance with
the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. All patients were
informed about the surgical procedure and their informed consent
was obtained before surgery. No personal patient data were
analysed or included in this work.

ssNMR and (MRI measurements

Solid-state 3'P NMR experiments were carried out to determine
the molecular-level spectroscopic parameters characterizing bone
mineral in the OA action site. The ssSNMR spectra were acquired at
298 K using a Varian UNITY PLUS-200 spectrometer, working at
200 and 80MHz resonance frequencies for 'H and 3'P nuclei,
respectively. The experiments were done with a Doty MAS probe
using zirconia rotors (7 mm in diameter), but the samples were
studied without rotation. We did not want to crush the samples for
MAS, because such a procedure affects bone structure, in particular
it disrupts the organic-mineral interface (Nikel et al., 2012). The
cylindrical core samples (see Preparation of specimens) were only
cut in lengths to fit the rotors. The ssNMR study was used to
determine the spin-lattice relaxation time T, This is the time
constant for the recovery of the longitudinal nuclear spin
magnetization M, of phosphorus-31, after resonance excitation,
towards its thermal equilibrium value (M, is parallel to the
magnetic field of the spectrometer magnet). Since the relaxation
time T;” of bone is about one hundred seconds (Kaflak and
Kolodziejski, 2007), we used the saturation recovery technique.
The saturation recovery is superior to inversion recovery because
there is no need to use a long recycle delay of 5T;"; this makes the
relaxation measurement substantially faster. Each spectrum was
recorded under high-power proton decoupling with 32 scans, /2
pulses of 3.0 s, recycle delays of three seconds and seven
relaxation intervals from 10 to 640s. The relaxation equations
were fitted to experimental points with the KaleidaGraph program
(version 3.5 for PC, Synergy Software 2000), which employs the
nonlinear least-squares algorithm with the Levenberg-Marquardt
gradient descent method of minimization of the error function.

Proton WwMRI experiments were carried out to evaluate
trabecular bone porosity in just the OA action site. They were
done on the same specimens as in the ssSNMR studies. The MRI
images were acquired with a Bruker AVANCE 300MHz WB
spectrometer, using a microimaging probehead with a 15-mm
coil, a maximum magnetic field gradient of 100 G/cm in the x,y and
z directions, the Multi-Slice Multi-Echo (MSME) pulse sequence
(Tr=500ms, Tg=7 ms) and the proprietary Bruker microimaging
software. With FOV of 10 x 10 mm? and the 256 x 256 data matrix
the slice resolution was (39 wm)2 For each sample, the bone
volume fractions BV/TV (bone volume over total volume) were
determined from 12 equidistant planar slices taken parallel to the
bone cylinder axes; the mean value was then calculated.

Derivation of the sSNMR parameters

The 3'P ssNMR spectrum of bone contains one broad signal with a
maximum at 3 ppm (Fig. 1a), which shows a two-component cross-
polarization behaviour (Kolodziejski, 2005; Kaflak and Kolodziej-
ski, 2008). This is because it contains a sharper main line from the
CAC sitting on the top of a broader foundation line from the AHSL
(Pajchel and Kolodziejski, 2013; Pajchel et al.,, 2013). Such an
overlap of the CAC and AHSL lines also occurs for the Bloch-decay
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Fig.1. Exemplary processing of the 3'P ssNMR spectra (F8): (a) signal deconvolution
into the broad component from AHSL (dashed line) and the narrow one from CAC
(dotted line); (b) fitting of Function 1 to the area points of the two component lines.

(BD) signals, recorded in our saturation recovery experiments.
Thus, each complex 3'P ssNMR signal was decomposed into the
CAC and AHSL components by line fitting (Fig. 1a), yielding
linewidths (full widths at half maximum; that is, FWHM values)
and component line areas.

Then, the relaxation function

I(t)=$2 [1-exp(-T/T,")] (1)

was separately fitted for CAC and AHSL to the component line
areas I(t), measured after various relaxation intervals t (Fig. 1b). In
this function, its amplitude £2 was equal either to the A or B areas of
the fully relaxed CAC and AHSL components, respectively, and T;”
was the spin-lattice relaxation time in the laboratory frame
corresponding to the mineral region under consideration. Overall,
the following five ssNMR parameters were measured: B/A, T; -cac,
T;"_aust, FWHM_cac and FWHM _apst.

Densitometry

Bone densitometry was done to determine the OPA or OPS disease
stage of the skeleton. Dual-energy X-ray absorptiometric (DEXA)
measurements were performed at the lumbar spine (L2-L4) before
the surgical operation using a Lunar DXP-IQ densitometer. The
apparatus was tuned and calibrated according to the manufac-
turer’s advised protocol before each diagnostic session. The
measured bone mineral density (BMD) was recalculated to the
corresponding T-score value. According to the WHO, the T-score
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values classify BMD as normal (-1 and above), osteopenic
(between —1 and —2.5) and osteoporotic (—2.5 and below).

Markers of bone metabolism

The markers of bone metabolism were measured to assess the
activity of osteoclast and osteoblast cells during bone remodelling.
The biochemical tests were performed before the surgical
operation. Venous blood samples were drawn in a fasting state
in the morning. The serum was separated from the cells within
three hours after collection of blood and stored at —40 °C before
assays. Serum C-terminal telopeptide of Type-I collagen (Cross-
Laps, B-CTX) and bone y-carboxyglutamic acid-containing protein
(Osteocalcin) were measured by an Abbott analyser using the
respective ELISA kits (Nordic Bioscence Diagnostics, Denmark). For
CrossLaps, the intra- and interassay coefficients of variation (CVs)
were both less than 8.1% and the detection limit was 0.02 ng x
mL~. For Osteocalcin, the intra- and interassay CVs were 2.4% and
6.4%, respectively, and the detection limit was 0.5 ng x mL™.

Statistical analysis

Routine statistical analysis (correlation analysis and linear regres-
sion, group comparisons) was done using the Statistica 9.0
computer program (Stat Soft. Inc., 2009). The results of the
correlation were evaluated by a p-value (probability level;
significance of the relationship) and an R-value (correlation
coefficient; the strength of the relationship). The correlation was
considered significant for p <0.05. Influential observations and
outliers were identified using Cook’s distance and the 4/N rule,
where N is the number of cases. Principal component analysis
(PCA) (Pett et al., 2003) was done using the statistical computer
program SPSS 15.0 for Windows (SPSS Inc., 2006). All statistical
analyses involving BV/TV were done for 15 cases only, because
samples F2, F9 and F16 cracked after the ssNMR study and
therefore were not examined using WMRL

Results
General description of the results

In this study there are two main kinds of parameters to consider
(Table 1). The first set is general, it includes Age and tissue-level
measures of the skeletal system condition (T-score, CrossLaps,

Table 1

Characteristics of the studied population (n=18). Four women had osteopenia (T-
score between —1 and -2.5) and the rest suffered from osteoporosis (T-
score < —2.5).

Variable Mean +SD Range
General characteristics

Age (years) 64.4+6.7 50-77

BMD L2-L4 (g x cm2)* 0.876 +0.051 0.832-0.990
T-score —2.73+0.48 from —1.6 to —3.3
CrossLaps (ng x mL™1) 0.187 4+:-0.144 0.060-0.519
Osteocalcin (ng x mL™1) 30.7+72 17.5-39.2
WMRI characteristics

BV/TV (%)° 29+13 11-53
Solid-state NMR characteristics

B/A 0.256 +0.052 0.155-0.321
T;" cac (s) 770+6.3 69.0-90.1
T:" anst () 67+ 14 33.4-89.5
FWHM._cac (Hz) 2001 +21 1970-2048
FWHM_pnst. (Hz) 5580 +440 4977-6562

2 Determined in vivo using DEXA.
b Determined for 15 cases.

Osteocalcin). The second is local and comprises molecular-level
ssNMR parameters of the bone mineral from the femoral-neck
trabecular tissue (B/A, T]P_CAQ TIP—AHSLv FWHM_cac and FWHM—AHSL)-
The first set of the parameters provides information on the bone
pathological changes (OPS or OPA) and bone turnover, while the
second allows one to monitor the mineral structure (morphology
of nanoparticles and their chemical composition) just in the place
where OA is operative (together with OPS or OPA, to some extent).
The BV/TV parameter falls between the aforementioned groups. It
is local, but provides information on the tissue level.

Regarding the general parameters (Table 1), Age and T-score are
typical for postmenopausal women with OPA or OPS. CrossLaps
and Osteocalcin are markers of bone resorption and bone
formation, respectively. The reference intervals for postmeno-
pausal women in ng x mL~' are 0.09-1.05 and 8.0-40.9, respec-
tively (Michelsen et al., 2013; Hannemann et al., 2013). The
individual and mean values for our samples are within those
reference ranges.

Concerning the local parameters (Table 1), first we comment on
B/A. According to the former definitions, the B/A parameter denotes
the concentration ratio of phosphorus in the AHSL and CPC
locations. Thus, it is an indirect measure of relative magnitudes of
those environments. In our specimens, B/A varies from 0.155 to
0.321. It follows that AHSL contains 13-24% of apatite phosphorus.
Then, the relaxation times T;" are longer for CAC than for AHSL, by
about 13% if mean values are compared. The NMR lines of CAC are
approximately 2.5 times narrower than those of AHSL.

Finally, we note that in literature there are BV/TV values for
subchondral trabecular bone in postmenopausal women with OA
and with OPS (Zhang et al., 2009): 21.55 + 3.41% and 16.64 + 2.26%,
respectively. Our mean value of 29 & 13% (Table 1) is indicative of
advanced osteoarthritis.

Correlation analysis

The correlation analysis was carried out to check whether the
specimen parameters have a linear relationship with each other.
Such a relationship may help infer associations among those
variables.

It is intriguing that there is no significant correlation between
the general and ssNMR parameters. Only T-score shows a high
negative correlation with BV/TV (0.5<|R|<0.7; cf. Fig. 2 and
Table 2).

Most interestingly, there are significant correlations between
the local parameters from ssNMR (Fig. 3, Table 2). Apart from that

T-score

0 10 20 30 40 50 60
BVITV

Fig. 2. The relationship between T-score and BV/TV. Statistical details are given in
Table 2.
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Table 2
Correlations observed between the specimen parameters. T;” and FWHM values are
given in s and Hz, respectively and BV/TV in %.

y=ax+b

N y X R p a b

15 T-score BV/TV -0.575 0.025 -0.0221  -2.07
18 Ti" cac B/A 0.656 0.0031 79 56.9
18 T:"_aAnsL B/A 0.754 0.00030 200 16

18 FWHM_cac B/A —-0.827 0.000023  -337 2087
18 FWHM_ans.  B/A -0.848 0.000009 7100 7400
18 T:"cac T;"_anst 0.706 0.0011 55.5 0.321
18 FWHM_cac FWHM_pns.  0.739 0.00046 0.0357 1801
18 AT,P B/A —0.607  0.0076 -121 40.6

3 The difference between the T;" values of CAC and AHSL.

between T;".cac and B/A, they are very high (0.7 < |R| < 0.9). For
both AHSL and CPC, there are positive correlations of T;” and
negative correlations of FWHM with B/A.

All the observed correlations are robust in the sense that the
correlation coefficients and regression parameters are hardly
affected by removing outlying cases (see Supporting Material).

Principal component analysis
The ssNMR parameters have been subjected to PCA to reduce the
number of the variables. The detailed PCA report is given in

Supporting Material and selected results are shown in Table 3.
According to the Kaiser Rule (one eigenvalue found over 1),
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Variance Extracted Criterion (over 70% found for PC1) and Cattell’s
Scree Test (visual decision), only one principal component (PC1) is
sufficient to represent our ssNMR variables (Table 3). This PCA
solution has been treated with special caution because of the
limited number of cases (18). Therefore, after examining the
pertinent literature, we decided to follow Zhao’s recommendations
for such PCA problems (Zhao, 2009): overall KMO over 0.60,
communalities of all variables over 0.60, the mean value of all
communalities over 0.70, the Kaiser's strategy (dropping all
components with eigenvalues under 1.0) and the Scree plot to
determine the number of factors, absolute values of all loadings
over 0.60, retention of factors with three and more variables.

Finally, we have one component with five variables represent-
ing the case-to-variable ratio of 3.6 (18/5) and the variable-to-
component ratio of five. The overall KMO measure of sampling
adequacy (MSA) is 0.662 with the diagonal elements of the Anti-
Image Correlation Matrix (the MSAs for the individual variables) in
the 0.579-0.890 range. The minimum, maximum and mean values
of the communalities are 0.58, 0.96 and 0.71 (SD=0.15),
respectively. The absolute values of PC1 loadings are in the
0.760-0.977 range. There are no cross-loadings, because only one
component has been extracted. Thus, in principle, Zhao’s
recommendations have been fulfilled.

Furthermore, we have verified our PCA solution using the leave-
one-out procedure (see Supporting Material). It has been found
that for each of the 18 cases the PC1 variance under the leave-one-
out procedure is low and has no influence on the clustering of those
cases. The standardized Cronbach's alpha was 0.881, which is in the

TP (AHSL) /s

0.34

6800

o

6400

(AHSL) / Hz
[22]
=

M
(<.
D
o
o

FWH

5200

B/A

Fig. 3. Linear regression graphs of various ssNMR parameters against B/A: (a) T;" of CAC; (b) T;" of AHSL; (c) FWHM of CAC; (d) FWHM of AHSL. Statistical details are given in

Table 2.
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Table 3
Selected results of the principal component analysis of the sSNMR parameters.

Extraction of the principal components

PC Eigenvalue Cumulative variance (%)
1 3.551 71.0

2 0.843 87.9

3 0.348 94.8

4 0.218 99.2

5 0.040 100.0

PCA characteristics of the variables

Variable Communalities from PC1 Factor loadings for PC1
B/A 0.955 0.977

T:"cac (s) 0.578 0.760

T:" anst (S) 0.628 0.793

FWHM _cac (Hz) 0.696 -0.834

FWHM _anst. (Hz) 0.694 —0.833

acceptable 0.7-0.9 range (computed using the FACTOR program of
Lorenzo-Seva U and Ferrando PJ, Release Version 9.2, Rovira i Virgili
University, Tarragona, Spain, 2013).

Selection and characterization of patient groups

The next step in the analysis was to apply the new PC1 variable to a
comprehensive examination of the studied cases. The cluster
analysis involving two local parameters, PC1 and BV/TV, selects
three groups of patients (Fig. 4a). The same groups are indicated
when the T-score is included in the cluster analysis (not shown).
The groups G1 (five cases), G2 (eight or 10 cases) and G3 (two or
three cases) are clearly seen, when BV/TV (Fig. 4b) and T-score
(Fig. 4c) are plotted against PC1. The median values of PC1 for those
groups in Fig. 4c are 1.11, 0.13 and —1.78, respectively.

Then, the differences in various parameters between the
selected groups have been analysed using the non-parametric
Kruskal-Wallis test (Fig. 5). The statistically significant differences
were found in PC1 between all three groups and in BV/TV and T-
score between G1 and G2. G1 has a lower BV/TV and higher T-score,
while G2 has a higher BV/TV and lower T-score. The G3 group is
rather peculiar, because it has the biggest levels of CrossLaps and
Osteocalcin, indicating a high bone turnover.

Discussion
Hypothesis and findings to discuss

Our leading hypothesis was that the NMR characteristics of the
AHSL and CAC regions of bone apatite (Table 1) are dependent on
the bone diseases OA, OPA and OPS. To prove it, we have
determined general, macroscopic parameters of the skeletal
system and the local, molecular-level ssNMR parameters of the
bone mineral. Then, the parameters were subjected to statistical
analysis to find correlations between them and to reduce the data
set using PCA. The PCA procedure allowed us to divide patients into
three groups. In the following discussion, we want first to translate
the accumulated spectroscopic knowledge into chemical informa-
tion on the AHSL and CAC environments of bone nanoapatite. Next,
the patient groups have to be assigned to bone diseases. Then, the
impact of the specific bone diseases on AHSL and CAC has to be
determined. Finally, we wish to discuss the relationship between
OA and OPS and comment on the possible applications of our
methodology.

Relative magnitudes of the AHSL and CAC regions

First of all, it is worthwhile to comment on the bone apatite
structure and hydration. From the B/A values (Table 1) one can
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Fig. 4. Various plots pertinent to the group selection: (a) results of the cluster
analysis, involving the principal component PCI, representing the ssNMR
parameters, and BV/TV from wMRI; (b) the plot of BV/TV against PC1; (c) the plot
of T-score against PC1. The G2 and G3 populations in the graphs B and C are different,
because the BV/TV values for F2, F9 and F16 have not been determined.

easily calculate that the bone apatite particles of the studied
specimens contain up to 24% of their phosphorus within AHSL. This
BD estimation is probably more accurate than the previous one
(40-55%) based on cross-polarization (CP) from protons to
phosphorus-31 (Jdger et al, 2006; Kaflak and Kolodziejski,
2008). The CP estimation of the AHSL magnitude gives larger
values because CP emphasizes the proton-rich apatite surface over
its proton-deficient interior (Wu et al., 2002).
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Fig.5. Column and whisker plots of various parameters of the selected groups. Asterisks denote statistically significant differences in parameters between the marked groups

(Kruskal-Wallis ANOVA).

Hydration and structural order of the AHSL and CAC regions

Our AHSL estimation indicates that CAC is covered by a quite thick
AHSL. It turns out that AHSL must have an important influence on
the bone apatite properties. This region has a lower T;” and larger
FWHM (Table 1). Consider that T;” of the bone apatite decreases on
hydration (Dawson et al., 1991; Kaflak and Kolodziejski, 2007) and
that FWHM increases with structural disorder (Pajchel and
Kolodziejski, 2013). It follows that AHSL is more hydrated and
disordered than CAC. This statement is consistent with the
knowledge that the former region is prone to water adsorption

and is amorphous, while the latter is crystalline and thereby
unable to accommodate abundant water (below 3wt % of
intracrystalline structural water in synthetic nanoapatite accord-
ing to Pasteris et al., 2014).

Interdependence of the AHSL and CAC regions

Then, the correlations in Fig. 3 demonstrate that T;” and FWHM
increase and decrease, respectively, with the increase of B/A (cf.
alsoTable 2). This observation is valid for both CAC and AHSL. Thus,
when AHSL grows, both AHSL and CPC become less hydrated and
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more ordered. Such congruence of the two regions requires more
explanation. It has been reported that AHSL affects CPC, in
particular by supplying water molecules to the crystal channels
(Pajchel and Kolodziejski, 2013). This interphase hydration
phenomenon introduces structural disorder into the crystalline
lattice of CAC. Therefore, it is comprehensible that the AHSL and
CAC bone mineral regions influence each other and that their T;"
and FWHM parameters may vary in concert. That is why there are
correlations between T;"_cac and T;”_anst, and between FWHM_cac
and FWHM _pys; (Table 2). An NMR spectroscopist would suppose
that it must be some inter-domain averaging of the T;” values of
CAC and AHSL, caused by 3'P spin diffusion. Such averaging would
have decreased the difference AT;” between the T;” values of CAC
and AHSL with the relative decrease of AHSL (that is with the
decrease of B/A). If it exists, such process is ineffective because the
correlation between AT;” and B/A is the opposite to that expected
for the relaxation averaging to be decisive (Table 2).

Features of the patient groups

Our study shows that the five ssNMR variables (B/A, T: cac
T:" s, FWHM_cac and FWHM_ays1) can be represented by one
principal component (PC1). This renders patient classification
easier and more informative. Considering the PC1 loadings for
those variables (Table 3), AHSL grows (increase of B/A) with the
increase of PC1, both CPC and AHSL become less hydrated (increase
of T;"_.cac and T;"_aust) and more ordered (decrease of FWHM.cac
and FWHM,AHSL).

Two main groups of women have been discerned (Fig. 4): (G1)
median PC1=1.11, lower median BV/TV=16.4, higher median T-
score=—2.2; (G2) median PC1=0.13, higher median BV/TV=37.5,
lower median T-score = —3.0. The differences in the BV/TV and T-
score between those groups are significant (Fig. 5). The third group
(G3) with median PC1 of —1.78 is peculiar, because it is the smallest
and has the highest bone turnover. The median BV/TV and T-score
values of G3 are equal to 18.3 and —2.7, respectively. G2 includes
only the OPS subjects, while the OPA subjects are spread between
G1 and G3.

Interpretation of the patient groups

Contrary to common opinion, OA and OPS or OA and OPA can coeXist
in the same individual (Glowacki et al., 2003; Sun et al., 2008). Our
patients were osteoarthritic (assessed by the radiological examina-
tion of the hip joint) and either osteoporotic or osteopenic (according
to the lumbar spine T-score). For OA, an elevated BMD was found in
the subchondral trabecular bone in the joints (Im and Kim, 2014). In
our studya higher BMD in a specimen, that is, more advanced OA, can
be assessed by its higher BV/TV value. Indeed, it has been found that
BV/TV is significantly higher in OA than in OPS (Zhang et al., 2009).
For OPS, alower T-score (i.e., with the bigger absolute value) informs
one about more advanced disease.

Therefore, in view of the BV/TV and T-score parameters, the
women of G1 had less advanced OA and OPS than those in the G2
group. Considering the bone mineral particles, it can be concluded
from PC1 that G1 had larger AHSL than G2 and had less hydrated
AHSL and CAC; however, those environments were more ordered
in the chemical structural sense. To be more specific, for the
purpose of this work, the more ordered environment is thought to
have a more uniform distribution of P-containing species (ions,
molecules) and therefore a sharper >'P ssNMR line.

Relationship between osteoarthritis and osteoporosis

As has already been demonstrated, for all the studied specimens
there is a negative correlation of T-score with BV/TV (Fig. 2, Table 2).

According to the former discussion, this correlation can be
interpreted as an increase of OA with an increase of OPS, treating
OPA as an early stage of OPS. Moreover, in the former section we
have mentioned an increase of OA together with OPS, when going
from G1 to G2. All these findings go against the inverse relationship
between OA and OPS postulated in the literature (Zhao, 2009) and
understood as the exclusion or inhibition of the latter disease by
the former. However, it must be admitted that in the area of the OA
affected joint, this disease is far more influential than OPS and acts
against OPS with success, elevating the BMD of the involved
trabecular bone. The bone mineral affected by OA undergoes
significant alteration, which can be deduced from the PC1 values of
G1 and G2: AHSL decreases comparing to CAC, both environments
acquire more water and become less ordered. For CAC, increased
disorder corresponds to a decrease in crystallinity.

It is unclear why OA is associated with increased BMD of the
trabecular bone in the vicinity of the diseased joint (Im and Kim,
2014). Among various reasons, abnormal bone metabolism,
composition and ultrastructure are usually debated. Considering
our results, we can only address very few aspects. Thus, it has been
found that postmenopausal women with OA had the serum
Osteocalcin level increased by about 20% compared to those with
OPS (Jiang et al., 2008). We have observed similar (although
uncertain) excess of Osteocalcin in G2 over G1 (Fig. 5), which is in
the patient groups with more and less advanced stages of both
bone diseases, respectively. As the CrossLaps levels for G2 and G1
were almost the same (Fig. 5), it might be the increased bone
formation in G2 around the OA affected joint. However, even if this
hypothesisis true, the elevated BMD in G2 due to OA (Fig. 5; see the
significant difference in BV/TV between G2 and G1) is associated
with a pathological bone growth. We have already pointed out that
OA modifies the bone mineral: AHSL decreases compared to CAC,
both environments acquire more water and become less ordered.
Such mineral changes are consistent with the literature informa-
tion that trabecular bone from human femoral heads of OA subjects
was more hydrated compared to a healthy group (Li and Aspden,
1997).

Claims, limitations and prospects

We have proved that the AHSL and CAC environments of bone
nanoapatite can be monitored ex vivo in whole bone using 3P
ssNMR. In particular, the phosphorus content, hydration and
structural order of those discrete mineral regions can be
investigated. The mentioned characteristics are dependent on
the bone diseases (OA, OPA and OPS), so their application in
medical diagnostics is worth considering.

The study has some limitations. It was not possible to gather an
appropriate healthy reference group. The studied group was
limited to 18 cases. We had no access to MRI/MRS apparatus
capable of acquiring 3'P images and spectra from selected body
parts. Therefore, we could not extend our work to in vivo practice.

However, there are reports that show 3'P NMR spectra of bone
recorded during in vivo studies. For example, Wu et al. (2011)
presented a spectrum of bone mineral from a human wrist (Fig. 8a
from that article). This spectrum reveals one complex line
containing two evident components from AHSL and CAC, as in
our study. Of course, the in vivo studies cannot be done with high-
power decoupling (HPD). Nevertheless, the 3'P ssNMR signals
acquired using the BD technique with and without HPD are quite
similar (Wu et al.,, 2002). Moreover, we have found that HPD
negligibly affects the T,;” relaxation times of bone samples (see
Supporting Material). Therefore, we suppose that the in vivo NMR
spectroscopic studies of AHSL and CAC in human bone, based on
our protocol, may be feasible.
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Conclusions

In summary, for the first time the discrete morphological regions of
nanoparticles of human bone mineral have been studied and their
features associated with bone diseases.

We found that AHSL is fairly large as estimated from its
phosphorus content. It accommodates up to 24% of phosphorus of
bone mineral nanoparticles. The distribution of phosphorus
between AHSL and CAC and the hydration levels of these
nanoparticle compartments are dependent on the development
of the bone diseases (OA, OPS/OPA). AHSL is more hydrated and
disordered than CAC. This is because AHSL is amorphous, while
CAC is crystalline. For both AHSL and CPC, there are positive
correlations of T;” and negative correlations of FWHM with B/A.
They indicate that with the increase of AHSL, both AHSL and CPC
become less hydrated and more ordered. Between AHSL and CPC
there is probably a transfer of water molecules, which affects CAC
crystallinity. No correlations have been observed between the
general macroscopic parameters of the skeletal system and the
local molecular-level ssSNMR parameters of the bone mineral.

In the trabecular bone of our specimens, OA predominates over
OPS and elevates BMD. This is expressed by the negative
correlation of T-score (lumbar spine) with BV/TV (femoral
specimen). The ssNMR variables (B/A, T:"-cac, T1"-anst, FWHM_cac
and FWHM _ays;) can be represented by one principal component
(PC1). PC1 assists with patient classification and provides required
insight into the bone mineral. Using the PC1, T-score and BV/TV
variables, two main groups of patients have been identified: G1
and G2. G2 had both OA and OPS more developed than G1.
Considering the PC1 values, G2 had smaller AHSL than G1, more
hydrated AHSL and CAC and both environments were less ordered.
These changes in the bone mineral must have been caused by OA,
because it is more influential than OPS in the trabecular bone tissue
pertinent to the hip joint’s functioning.

Overall, the 3'P ssNMR spectroscopy has proved to be a valuable
method to selectively analyse the AHSL and CAC mineral
compartments in whole bone.
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