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Abstract

Spine fusion surgery is one of the most common orthopedic procedures, with over 400,000
performed annually to correct deformities and pain. However, complications occur in
approximately one third of cases. While many of these complications may be related to poor

bone quality, it is difficult to detect bone abnormalities prior to surgery. Areal BMD (aBMD)
assessed by DXA may be artifactually high in patients with spine pathology, leading to missed
diagnosis of deficits. In this study, we related preoperative imaging characteristics of both central
and peripheral sites to direct measurements of bone quality in vertebral biopsies. We hypothesized
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that pre-operative imaging outcomes would relate to vertebral bone mineralization and collagen
properties. Pre-operative assessments included DXA measurements of aBMD of the spine, hip,
and forearm, central quantitative computed tomography (QCT) of volumetric BMD (vBMD) at
the lumbar spine, and high resolution peripheral quantitative computed tomography (HRpQCT;
Xtreme CT2) measurements of vBMD and microarchitecture at the distal radius and tibia. Bone
samples were collected intraoperatively from the lumbar vertebrae and analyzed using Fourier-
transform Infrared (FTIR) spectroscopy. Bone samples were obtained from 23 postmenopausal
women (mean age 67 + 7 years, BMI 28 + 8 kg/m?2). We found that patients with more mature
bone by FTIR, measured as lower acid phosphate content and carbonate to phosphate ratio, and
greater collagen maturity and mineral maturity/crystallinity (MMC), had greater cortical vBMD
at the tibia and greater aBMD at the lumbar spine and one-third radius. Our data suggests that
bone quality at peripheral sites may predict bone quality at the spine. As bone quality at the
spine is challenging to assess prior to surgery, there is a great need for additional screening tools.
Pre-operative peripheral bone imaging may provide important insight into vertebral bone quality
and may foster identification of patients with bone quality deficits.

Introduction

Spine fusion surgery is a complex orthopedic procedure that is the gold standard for

the treatment of myriad spinal conditions including deformity, spondylolistheses, and
degenerative disc diseasel-2. Its prevalence is increasing, with over 400,000 of these
procedures currently performed annually in the United States?=>. However, complications
have been reported to occur in approximately 30 percent of patients6—8 and often necessitate
revision surgery, which is associated with substantial morbidity and healthcare costs®10. The
resultant morbidity and healthcare costs for patients with failed fusions provides impetus

for prospective studies to better assess patient risk pre-operatively. Risk of post-operative
complications has been linked to many demographics such as age!l~1%, sex16, menopausal
status?’~19 and low BMD?0. The impact of low BMD is an important consideration as 10
percent — 40 percent of patients presenting for these procedures have osteoporosis?! and
numbers may be even higher when modalities other than dual energy x-ray absorptiometry
(DXA) are utilized?2:23, While skeletal health is critical to hardware stability, de novo bone
formation and therefore post-operative outcomes, few studies have directly investigated bone
material properties, and how they relate to complications in patients undergoing spinal
fusion surgery.

Previous work has linked pre-operative skeletal assessments and post-operative outcomes
in patients who undergo fusion surgery. A few studies have found relationships between
low areal bone mineral density (aBMD) measurements from DXA and complications after
fusion, but this finding is not uniform. Although DXA is the gold standard for the diagnosis
of osteoporosis, it may underestimate the prevalence of osteoporosis at the spine in patients
with spinal deformities?4-2°. Low spine volumetric BMD (VBMD) by QCT has also been
linked to risk of post-operative complications20:39.31, Further, in a recent prospective study,
our group found that patients with low peripheral volumetric bone density (vBMD) and
abnormal microarchitecture by high resolution peripheral QCT (HRpQCT) had higher rates
of skeletal complications post-operatively, while DXA did not predict complications!’.
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Few studies have examined the relationship between pre-operative imaging and intrinsic
properties of bone obtained during surgery.

The goal of this study was to relate direct measurements of the collagen and mineral
properties of the bone by Fourier-transform infrared (FTIR) spectroscopy to pre-operative
imaging by DXA, QCT, and HRpQCT, as well as to the incidence of post-operative
complications and revision surgery. Fourier-transform infrared spectroscopy provides

a means of analyzing material properties of bone (including crystallinity, mineral-to-
matrix ratio, and collagen maturity) and for assessment of bone quality in different
disease states32-33, Properties assessed by this technique are associated with risk of
fragility fractures and atypical femur fractures34-37. For this investigation, we focused

on postmenopausal women, as this group is at an increased risk for developing skeletal
complications’=19. We hypothesized that patients with lower aBBMD, vBMD, and worse
microarchitecture would have features characteristic of older bone by FTIR. We further
performed an exploratory investigation of the relationships between FTIR indices and post-
operative complications and revision surgeries.

Study procedures

This cohort included postmenopausal women undergoing spinal fusion surgery who were
recruited from the Spine Service at the Hospital for Special Surgery (HSS) between
February 2019 and October 2021. Patients were enrolled as part of a larger prospective
study that included adult men and women. Patients were included who presented for single
or multilevel spine fusion surgeries that involved the lumbar region, whether it was an initial
surgery or a revision of a prior procedure. Patients in whom an intra-operative bone biopsy
could not be obtained were excluded. A total of 23 women met the criteria for this analysis.
This study was approved by the Institutional Review Board of HSS (IRB# 2016-0662), and
all participants signed written informed consent.

At baseline pre-operative visits, patients provided information regarding their medical
history and medications and a blood sample was obtained. DXA, QCT, and HRpQCT scans
were performed. Upon enroliment, eight patients presented for a primary surgery, and fifteen
for a revision of a prior procedure. The primary indication for initial surgery in the majority
of patients (61%) was adult spinal deformity (ASD; scoliosis, kyphosis, flatback syndrome
and/or kyphosis), though most patients (87%) had multiple indications for surgery. The
most common indication for revision was pseudoarthrosis. The mean number of surgical
levels was 6 + 4. Graft material, including a combination of bone morphogenic protein
(BMP), allograft, autograft, and bone marrow, was used in all patients. Radiographs were
performed on patients at six weeks and six months post-operatively to identify any skeletal
complications related to hardware failure or adjacent vertebral fractures. Re-operation and
other complication rates were assessed for up to two years following the procedure.
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Bone turnover markers

Areal BMD

Participants had blood drawn pre-operatively. All labs were drawn fasting before 10

am. Samples were processed within 1 hour of collection and stored at —80°C for batch
analysis. Bone-specific alkaline phosphatase (BSAP; BioVender, Asheville, NC) was used
as a marker of bone formation, while C-telopeptide (CTX; Immunodiagnostics Systems,
Gaithersburg, MD) was used to measure bone resorption. 25-hydroxy vitamin D (250HD;
Abbott Diagnostics, Abbott Park, IL) was also measured.

Areal BMD was measured by DXA (Horizon A (S/N 201056) densitometer, Hologic Inc.,
Waltham, MA) of the lumbar spine L1-L4 (LS), right total hip (RTH), left total hip (LTH),
right femoral neck (RFN), left femoral neck (LFN), and left 1/3 radius (1/3R). Short term in
vivo precision is 0.70% for the spine, 1.36% for the total hip and 0.70% for the radius®’:38.

Lumbar vertebrae with significant deformity, osteosclerosis, osteophytes, or degenerative
disease were excluded from the analysis. One patient’s hips could not be scanned because of
bilateral hardware and a second patient did not have any DXA measurements available for
analysis. Osteoporosis was defined as a T-score of equal to or less than —2.5, and osteopenia
was defined as a T-score less than —1.0, but greater than —2.5 at any site.

HRpQCT of the distal radius and tibia

HRpQCT (XtremeCT Il, Scanco Medical, Brittisellen, Switzerland) scans were collected
and analyzed as previously described17:20:38 |mages were acquired by using a microfocus
X-ray source (68 kVp voltage, 900 UA current, 43 s integration time), scanning a region 10.2
mm long yielding an image volume of 60.7 pm isotropic voxel size, with a 140.010 field of
view. The non-dominant forearm and ipsilateral tibia (or non-fractured arm or leg in subjects
with prior wrist or ankle fractures) were immobilized in a radiolucent carbon fiber shell. A
region of interest (ROI) was defined on a 2-D scout view by placing a reference line at the
distal subchondral endplate and scans were acquired using a standard fixed offset of 9 mm
and 22 mm from the reference line for radius and tibia, respectively. A single, highly trained
operator acquired and analyzed all scans. Scans were scored for motion on a scale of 1-5
and scans with motion score > 3 were excluded from analysis. The manufacturer’s standard
method was used to filter and binarize the HRpQCT images. Automated segmentation

was used to segment the cortical and trabecular regions3?. Morphologic microstructural
HRpQCT bone features were assessed, including area; density - total, trabecular (Tb)

and cortical (Ct) volumetric BMD (vBMD); microstructure - trabecular number (Th.N),
thickness (Th.Th), and separation (Th.Sp), cortical thickness (Ct.Th), and cortical porosity
(Ct.Po). In vivo short-term reproducibility (CV) for HRpQCT measures at our center is
between 0 and 5% for all measures except Ct.Po%C. This has been previously described and
validated in other studies*!. HRpQCT scans at both the radius and tibia were available on all
participants.

QCT measurement of lumbar spine

Central QCT was performed using asynchronous calibration and an accompanying
commercially available software package (Mindways QCTpro). The ROIs were placed
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automatically, reviewed by a radiologist, and repositioned if necessary. An average of the
two levels analyzed were collected for all patients. Volumetric BMD was measured at L1
and L2 for most patients. In one case in which L2 was not evaluable due to hardware,
measurements were performed at T12 and L1. Vertebral bodies with evidence of sclerosis,
prior fracture, or other anatomic abnormality were excluded from analysis. There were two
subjects whose scans were not available for analysis.

Radiographic analysis

Full length scoliosis films or EOS films were obtained on patients at baseline, six weeks,
six and 12 months post-operatively. These radiographs were analyzed for each of the
following: rod breakage, screw loosening, pseudoarthrosis, adjacent segment fracture and
proximal junctional kyphosis (PJK, a post-operative spinal deformity directly above the
site of instrumentation#2-4%). PJK was defined using the criteria detailed in Glattes et al.
(1976)46. PJK was measured from the upper instrumented vertebra (UIV) to the vertebra
directly above (UIV + 1) and from the UIV to the UIV + 2 on both pre- and post-operative
imaging.

Fourier transform-infrared spectroscopy

Intraoperative cortical bone biopsies were taken from the lumbar spine, most commonly
cortical bone from the spinous process (21). In two cases where the spinous process was
not available, samples were taken from the lamina (1) or facet joint (1). Twelve biopsies
were taken from L1, the remainder from L2 (3), L3 (3), L4 (3), and L5 (2). Biopsies were
available on all study participants. FTIR spectroscopy was used to investigate underlying
changes in cortical bone tissue that might affect surgical outcomes in spine fusion patients
by further analyzing the spatial distributions and composition of mineral and collagen within
the vertebral bone. Following our previously published protocol4’, samples were cleaned of
soft tissue and marrow, defatted, lyophilized, and cryogenically ground to a powder (677;
SPEX SamplePrep, Metuchen, NJ, USA). Pellets were created by combining 200 mg of
dried KBr with 2 mg of bone powder and pressing the mixture in 13-mm-diameter die.
Using an FTIR spectrometer (Spotlight 400; Perkin-Elmer Instruments, Waltham, MA),
FTIR spectra were collected at a spectral resolution of 4 cm™1 over a range of 800 to 2000
cm1,

Using a custom Matlab code (201a; The MathWorks Inc., Natick, MA, USA), the spectra
were baseline corrected (as detailed in?8) and analyzed to determine the following metrics:
(1) mineral-to-matrix ratio (area ratio of the phosphate v1-v3 peak [916-1180 cm™1] to
amide | peak [1596-1712 cm™1]), which characterizes tissue mineral content*?; (2) collagen
maturity (intensity ratio of 1660 cm~1 to 1690 cm~(intensity ratio of 1660 cm™! to 1690
cm™1), which is related to the ratio of mature trivalent to immature divalent enzymatic
crosslinks®®; (3) mineral maturity/crystallinity (MMC) (intensity ratio of 1030 cm™ to
1020 cm™1), which is related to hydroxyapatite crystal size and stoichiometric perfection®?;
(4) carbonate to phosphate ratio (area ratio of the carbonate v, peak [852-890 cm™1] to
phosphate v;-v3 peak [916-1180 cm1]), which characterizes carbonate substitution in the
crystal structure52; and (5), the acid phosphate content (intensity ratio of 1127 cm™! to 1096
cm~1), which characterizes acid phosphate substitution into stoichiometric hydroxyapatite
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and is an indicator of new mineral formation®3 (Figure 1). These measurements provide
insight into bone strength and fragility. To assess repeatability, multiple measurements were
performed on cortical bone samples from three randomly chosen study specimens and

two synthetic carbonate-substituted hydroxyapatite standards (10% CO3 and 25% CO3)>*
(Supplemental Figure 1). When repeatability of each FTIR outcome measure was quantified
as SD/sqgrt(n), where n=3 repeated scans per specimen, the FTIR outcome measures were
highly repeatable, with values for MMC ranging from 0.00021 to 0.000076 (Supplemental
Table 1).

Statistical analysis

Results

Data were merged into a single SAS 9.0 dataset (SAS Institute, Cary, NC) and checked

for consistency and completeness. Distributions were evaluated for normality and variables
were log-transformed as appropriate. Spearman correlations were used for all analyses. No
data were imputed and no adjustment for multiple comparisons was made. T-tests were
performed to assess the difference between FTIR properties and complication incidence
(composite of hardware failure, complications in adjacent vertebrae and re-operation for the
above indications).

Study subjects

Characteristics of the 23 postmenopausal women, including co-morbidities, medications,
and supplement use are outlined in Table 1. The cohort was predominantly Caucasian
(91%). The mean age was 67 years. Mean BMI was 28 kg/m?; 35% of the cohort was
obese (BMI > 30 kg/m?). Half of the cohort had a history of tobacco use, 17% were
current smokers, and 35% were former smokers. Other relevant co-morbidities included
hypertension (10), hyperlipidemia (8), and diabetes (3). Four patients (17%) reported a
history of an atraumatic non-vertebral fracture. Of these, two patients reported multiple
fractures. The skeletal sites of fractures included the forearm (1), humerus (1), hip (3),
rib (2), and metatarsal (2). Additionally, 17% (4) reported current use of medication for
osteoporosis, including teriparatide (1) and bisphosphonates (3).

Mean 250HD was in the sufficient range, and baseline bone turnover markers (BSAP and
CTX) were within the normal postmenopausal reference range. Results from pre-operative
imaging exams are detailed in Table 2. Mean Z-scores for the cohort at the LS, TH and

1/3 R were within the normal range. Measurements at the FN were within the osteopenic
range. Among the study cohort, 30% had osteoporosis and 43% had osteopenia by T-score
at any site. The average vBMD at the lumbar spine by QCT was 107 mg/cm3, falling within
the osteopenic range as defined by the American College of Radiology®®. According to
those criteria, vBMD less than 80 mg/cm3 represents osteoporosis, between 80 and 120
mg/cm? osteopenia, and above 120 mg/cm3 normal. Mean Z-scores for HRpQCT measures,
comparing subjects to a reference population of similar age and sex are also presented®6.
Mean values for FTIR measures are presented in Table 3.
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between FTIR metrics and pre-operative assessments

We found that cortical bone measurements by HRpQCT were associated with material
properties by FTIR. Patients with higher cortical vBMD at the tibia exhibited characteristics
of more mature bone, as shown by a positive correlation between cortical vBMD with
mineral maturity/crystallinity (r = 0.45, p = 0.034) and collagen maturity (r = 0.45, p

= 0.032), for which higher values indicate mature bone. Further, there was an inverse
relationship between cortical vBMD with carbonate to phosphate ratio (r = —0.42, p = 0.049)
and acid phosphate content (r = -0.55, p = 0.0073), for which higher values indicate new
bone (Figure 2). These relationships were not significant at the radius. We did not find
significant relationships between FTIR compositional metrics and trabecular bone indices
assessed by HRpQCT at either site.

Greater aBMD at the LS (r = —-0.55, p = 0.013) and 1/3R (r = -0.54, p = 0.010) assessed

by DXA were both significantly associated with lower acid phosphate content assessed by
FTIR (Figure 3). Analyses were repeated after excluding one patient whose LS aBMD was
substantially lower than the others, and the relationships remained the same. There was

not any other significant correlation with aBMD at any of the other sites with the other
FTIR metrics. Relationships between DXA and HRpQCT parameters and FTIR were further
assessed by correcting for treatment with osteoporosis medications, age, BMI, and smoking.
Adjusting for treatment, age, BMI, and smoking minimally influenced the unadjusted
correlations. The majority of the correlations remained significant and all retained p-values
less than or equal to 0.1, except for one. Analyses adjusted for treatment for osteoporosis,
age, BMI, and smoking are shown in Supplemental Table 2.

There was no association between any FTIR metrics and average spine vBMD by QCT.
Further, there was no association between any of the FTIR metrics with 250HD, nor

with bone turnover measured by CTX and BSAP. Detailed correlations between FTIR and
HRpQCT at the radius and tibia, DXA and lumbar QCT are included in Supplemental Table
3.

between FTIR metrics and complications

During our prospective study follow-up, skeletal complications occurred in seven

patients during the first year after surgery. Three of these patients experienced multiple
complications. The most common complications were PJK (7 patients), fracture (2 patients),
and screw loosening (2 patients). Two of the patients who developed skeletal complications
required revision surgeries.

We did not find a significant difference between development of skeletal complications, as

a composite measure, and any of the FTIR metrics. Patients who developed complications
were of similar age and BMI to those who did not. As only two patients had revision
surgery, formal statistical testing comparing their FTIR metrics to those who did not undergo
revision is not presented. However, the data suggests that mineral maturity/crystallinity was
lower in patients who required revision for skeletal complications (mean = 1.033+0.02) by
FTIR than patients who did not require a revision (mean = 1.047+0.001). This suggests
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that patients who required subsequent revision had smaller, less perfect mineral crystals,
indicative of newer bone at the vertebrae, than patients who did not require revision.

Discussion

This study investigated the relationships between direct measurements of bone material
properties with pre-operative imaging and post-operative outcomes. Contrary to our
hypothesis, we found that patients with more mature bone by FTIR, measured as lower
acid phosphate content and carbonate to phosphate ratio, and greater collagen maturity
and mineral maturity/crystallinity, had greater cortical vBMD at the tibia and greater
aBMD at the LS and 1/3R. Our results extend findings from previous studies!?:20.57

by highlighting material properties as another feature of bone quality that directly

relates to microarchitecture and may be important for successful fusion. Several studies
have investigated the relationship between aBMD measured by DXA and the risk of
complications among patients undergoing spine fusion surgery. Some of these studies
suggest that low BMD is such a risk factor for skeletal complications—including PJK,
fractures of adjacent vertebrae*>°8, and screw loosening30:31:45—hut others have not
found a relationship between aBMD by DXA and post-operative complications15-17:59.60
Our group has previously demonstrated that patients who have low vBMD and
microarchitectural abnormalities by pre-operative high resolution peripheral QCT had higher
rates of complications than those with higher vBMD and more intact microarchitecturel’.

FTIR spectroscopy is a commonly used method to investigate bone quality. During
formation of mineralized tissues, crystal growth (maturation) occurs through the addition

of ions to the crystal nucleus. Bone crystals generally grow larger and more perfect with
greater tissue age (time since tissue formation). As primary and secondary mineralization
progress, these physiologic processes are reflected in spectroscopic metrics of increasing
tissue maturity, including increasing mineral matrix ratio and mineral maturity/crystallinity
(MMC) and decreasing acid phosphate content6. In this study, we found that patients with
greater cortical vBMD had higher MMC and collagen maturity and lower acid phosphate
content and carbonate to phosphate ratio, indicators of greater tissue maturity, whereas
individuals with lower vBMD had indicators of lower tissue maturity. Lower vBMD and
lower aBMD may result in an adaptive response to promote formation of new tissue,
whereas greater vBMD and greater aBMD may result in less formation of new bone, and
secondary mineralization may proceed, with the growth of larger and more perfect crystals
and formation of more mature crosslinks. Although, to our knowledge, our study is the first
to report mineral properties assessed by FTIR in vertebral bone tissue, the mean absolute
values of cortical bone FTIR metrics of tissue maturity reported here (Table 3) are similar to
or modestly below those reported for cortical iliac bone of healthy postmenopausal women
(mineral matrix 4.2 vs. 4.2; MMC 1.0 vs. 1.2; collagen maturity 1.5 vs. 2)52, suggesting that
maturity of the tissue assessed here reflects physiologic mineralization processes. Further
studies on vertebral bone are required to confirm these results.

Healthy bone tissue typically exhibits similar trends in mineral:matrix ratio and MMCS3,
However, only the relationship between MMC and vBMD reached statistical significance
likely because MMC is one of the least variable FTIR parameters (COV=1.87%),
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while mineral:matrix is more variable (COV=27.18%) (Supplemental Table 3). Although
HRpQCT measurements are obtained at peripheral sites, previous studies have suggested
that these peripheral measures correlate with lower vBMD and fragility at central sites84-66,
We found that vertebral FTIR measurements were associated with cortical measures at the
tibia but not at the radius. Prior work by our group and others8465 has demonstrated that
tibial measurements are closely related to vertebral bone fragility.

Other studies have specifically investigated the mineral and collagen properties of patients
undergoing spine fusion surgery, but none have looked at how these properties are
associated with microarchitecture. One study demonstrated that dermal layer thickness

and echogenicity by ultrasound were respectively negatively and positively correlated with
collagen maturity assessed by FTIR spectroscopy in women87, suggesting that markers of
collagen age may correlate between skin and bone. In one study that evaluated tibial plateau
specimen in patients with osteoarthritis at the knee, samples with bone marrow edema-

like lesions (BMEL) had lower mineral-to-matrix ratio and also exhibited greater vBMD,
bone volume fraction, and trabecular thickness than non-BMEL regions®. In contrast,

our study did not detect any relationship between mineral-to-matrix ratio and trabecular
microarchitecture. This difference might be because we analyzed samples largely comprised
of cortical bone or because our measurements of trabecular microarchitecture were obtained
at sites different from that of the bone biopsy. To our knowledge, ours is the first study to
relate skeletal assessments of aBMD, spine and peripheral vBMD, and microarchitecture, at
both the tibia and radius, to FTIR metrics of vertebral bone in patients undergoing spinal
fusion surgery.

In our study, we found that lower aBMD at the 1/3R and LS were significantly associated
with greater acid phosphate content, which is indicative of newer bone formation33. This
observation may relate to the fact that newer bone has less mineral content than older bone,
which could explain the resulting lower aBMD. No other FTIR metrics exhibited statistically
significant correlations with aBMD at any of the other anatomic sites.

We did not find that the FTIR metrics correlated with bone turnover markers. It is
conceivable that we would have detected relationships with a larger sample size. Few
studies have investigated the relationships between bone turnover and FTIR indices. In one
other study, resorption measured by urine N-terminal telopeptide (UNTX) was positively
correlated with mineral-to-matrix ratio in women, but conversely uNTX was positively
correlated with acid phosphate content and negatively with collagen maturity in men®9.

As greater turnover is expected to be associated with indices of new bone formation (low
mineral-to-matrix ratio, low collagen maturity, low mineral maturity/crystallinity, and high
acid phosphate), the divergent correlations observed in that study among men and women
between uNTX and indices of new bone formation previously observed are unexpected.
Additional research investigating these relationships is needed.

In addition to the many studies investigating aBMD in patients presenting for spine fusion,
many other studies have focused on vBMD by CT20:58, While we did not find any
correlation here between vertebral FTIR measurements and QCT, it is conceivable that
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this is a consequence of the biopsy consisting mostly of cortical bone rather than trabecular
bone, while the vBMD calculated by QCT is restricted to the trabecular bone.

We found that patients who required a revision surgery appeared to have lower MMC at

the vertebrae than patients who did not require this intervention. These results suggest

that patients who required a revision had smaller or less perfect mineral crystals,

compared to patients who did not require revision. Since MMC reflects both stoichiometric
perfection and crystal size, the lower MMC observed in the revision group may arise

from less stoichiometric perfection, smaller crystals, or a combination of both factors. Our
findings of lower MMC in the revision group are consistent with the numerically greater
carbonate:phosphate ratio and acid phosphate observed in the revision group, suggesting that
substitution of carbonate and acid phosphate into the hydroxyapatite structure may be one
mechanism that contributes to lower MMC in the revision group. However, it is important to
note that only two patients required a revision during the first year after surgery. It is likely
that other factors may have contributed to this result. These results, suggestive of an initial
relationship warrant investigation in future studies.

There are several important limitations to this work. The sample size of this cohort was
relatively small, which may have limited our ability to detect more subtle differences
between FTIR metrics and underlying microarchitectural properties. Further, the number

of patients who experienced complications and required re-operation was very few. The
majority of subjects were only followed for six months post-operatively. Future studies with
larger sample sizes and a longer duration of follow-up are necessary to further investigate
the sensitivity of the different pre-operative imaging exams to different FTIR features as
well as between FTIR and surgical outcomes. Although the inclusion of women who were
using osteoporosis medications may have influenced our findings, when we excluded the
four patients who were taking osteoporosis medications at the time of surgery from the
analysis, most comparisons remained significant. Further, since these are so commonly used
among postmenopausal women, exclusion of those using these medications would have been
a barrier to recruitment and limited the generalizability of our results. Similarly, although
we did have some heterogeneity in our study, including age, BMI, and smoking status,
adjusting for these factors did not substantially change the results. Our samples were almost
exclusively cortical bone because they were collected from the spinous process and not the
vertebral bodies. We did this because obtaining vertebral body samples would have been
much more complicated and might disrupt the surgical construct.

In conclusion, we found direct relationships between pre-operative imaging and intra-
operative measurements of bone quality in postmenopausal women having spine fusion.
Greater tibial vBMD was associated with higher MMC and collagen maturity and lower
carbonate to phosphate ratio and acid phosphate content. Greater aBBMD at the LS and

1/3R was associated with lower acid phosphate content. Our results are important because
they suggest that morphologic parameters assessed by pre-operative imaging directly relate
to material properties of bone in patients have spine fusion surgery. They further provide

the first suggestion that these material properties may predict those patients who will

require revision surgery. Additional work is needed to further understand of the relationships
between preoperative and intra-operative bone quality and surgical complications in order
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to optimize outcomes for the burgeoning population of older patients having spine fusion
surgery.
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Highlights
BMD was related to material properties of bone in spine surgery patients
More mature bone by FTIR was associated with greater BMD at cortical sites

Imaging of peripheral skeletal sites may predict material properties at the
spine
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Representative FTIR spectra of cortical bone showing characteristic mineral and organic

matrix peaks.

Bone. Author manuscript; available in PMC 2024 April 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Heilbronner et al. Page 18

Vertebral FTIR Collagen Maturity

Vertebral FTIR MMC

1.7 b © 0.75|
o
H
&
1.61 .
2 o.70|
o
=
1.5 5]
< 0.65
o
1.4 T
'© 0.60 .
* C licati I . :
] omplication .
1.3 4 No Complication E .
650 700 750 800 850 900 950 = 650 700 750 800 850 900 950
Tibia CtvBMD (mgHA/cmA3) Tibia CtvBMD (mgHA/cmA3)
" d ,% e
- o
1.075 . Y
. 5.0.025
A =2
(=T
[
1.050 =
£ 0.020
S
1.025 o
n & e
BP = 0.015
-E -
1.000; : : : : . =
50 700 750 800 850 900 950 650 700 750 800 850 900 950
Tibia CtvBMD (mgHA/cm*3) Tibia CtvBMD (mgHA/cmA3)

Figure 2.
Association between FTIR metrics and cortical vBMD at the tibia by HRpQCT. Correlation

between Ct vBMD at the tibia, measured by HRpQCT with (a) collagen maturity (r =
0.45, p = 0.032), (b) acid phosphate content (r = —=0.55, p = 0.0073), (c) mineral maturity/
crystallinity (MMC) (r = 0.45, p = 0.034), and (d) carbonate to phosphate ratio (r =
-0.42, p = 0.049). Shaded area represents the 95% confidence interval. Patients currently
using bisphosphonates (BP) and teriparatide (TP) are indicated. Patients who developed
post-operative complications are denoted by circles, and patients who did not develop
complications are denoted by triangles.
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Association between FTIR metrics and aBMD by DXA. Correlation between acid phosphate
content with (a) LS (r = -0.55, p = 0.013) and (b) 1/3R (r = —-0.54, p = 0.010). Shaded

area represents the 95% confidence interval. Patients currently on bisphosphonates (BP)

and teriparatide (TP) are indicated. Patients who developed post-operative complications are
denoted by circles, and patients who did not develop complications are denoted by triangles.
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Table 1.
Characteristics of the study population
Total

Age (years) (mean + SD) 67+7
Race

White (N, %) 21, 91%

Black/African American (N, %) 1,4.5%

Asian 1,4.5%
Ethnicity

Hispanic (N, %) 3,13%

Non-Hispanic (N, %) 20, 87%
BMI (kg/m?) (mean + SD) 28+8

Underweight (BMI < 18.5) 0, 0%

Normal (18.5 < BMI < 25) 11, 48%

Overweight (25 < BMI < 30) 4, 17%

Obese (BMI = 30) 8, 35%
Revision 8, 35%
Smoking history

Current (N, %) 4,17%

Former (N, %) 8, 35%

Never (N, %) 11, 48%
Supplement history

Vitamin D (N, %) 17, 74%

Calcium (N, %) 12, 52%
Current use of medication for Osteoporosis

Bisphosphonate (N, %) 3,13%

Teriparatide (N, %) 1,4.5%
Serum biochemistries (mean + SD)

25 OH vitamin D (20-50 ng/mL) 42+ 16

C-telopeptide (postmenopausal ref: 104-1008 pg/mL) 544 + 238

Bone-specific alkaline phosphatase (postmenopausal ref: 7-22.4 ug/L) 12+6
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Baseline imaging values

Table 2.

Average Value £ SD  Z-Score + SD
DXA
LS (g/cm?) 1.05+0.15 1.97 +1.56
RFN (g/cm?) 0.70+0.12 0.21+1.13
LFN (g/cm?) 0.69+0.14 0.17+1.25
RTH (g/cm?) 0.82+0.14 0.23+1.24
LTH (g/cm?) 0.82+0.14 023+1.21
1/3R (g/cm?) 0.63 +0.07 0.82+0.96
Radius HRpQCT
Trabecular vBMD (mg HA/cm?3) 120 +38 -0.66 +1.21
Trabecular number (1/mm) 1.26 +0.22 —-0.52 +0.99
Trabecular bone volume fraction (unitless) 0.17 £ 0.05 -0.61+1.23
Trabecular separation (mm) 0.79+0.15 -0.48 +1.02
Cortical thickness (mm) 0.89+0.23 0.70+1.40
Cortical vBMD (mg HA/cmd) 861 + 87 0.82+1.12
Total area (mm?) 261+ 49 -0.78 £1.29
Tibia HRpQCT
Trabecular vBMD (mg HA/cm?3) 129 39 -0.85+1.17
Trabecular number (1/mm) 1.22+0.24 -0.47+1.05
Trabecular bone volume fraction (unitless) 0.20 £ 0.05 -0.77 £1.13
Trabecular separation (mm) 0.83+0.19 -0.48 +1.14
Cortical thickness (mm) 1.30 +0.30 0.01+1.22
Cortical vBMD (mg HA/cm?3) 824 + 68 0.07 £ 0.87
Total area (mm?) 689 + 135 0.01+1.31
Spine QCT
vBMD (mg HA/cmd) 107 £ 44 Not available

LS: lumbar spine; RFN: right femoral neck; LFN: left femoral neck; RTH: right total hip; LTH: left total hip; 1/3R: 1/3 radius
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Table 3.

Mean absolute values of cortical bone FTIR metrics of tissue maturity

FTIR Metric Mean + SD

MMC 1.051 +0.019
Acid:phosphate ratio 0.648 £ 0.045
Collagen maturity 1.509 +0.110
Mineral:matrix ratio 4.211+£1.145
Carbonate:phosphate ratio  0.021 + 0.003
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