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Abstract

Study Design—An in vivo dosing study of vitamin D in a rat posterolateral spinal fusion model
with autogenous bone grafting. Rats randomized to four levels of Vitamin D adjusted rat chow,
longitudinal serum validation, surgeons/observers blinded to dietary conditions, and rats followed
prospectively for fusion endpoint.

Objective—To assess the impact of dietary and serum levels of Vitamin D on fusion success,
consolidation of fusion mass, and biomechanical stiffness after posterolateral spinal fusion
procedure.

Summary of Background Data—Metabolic risk factors, including vitamin D insufficiency,
are often overlooked by spine surgeons. Currently there are no published data on the causal effect
of insufficient or deficient vitamin D levels on the success of establishing solid bony union after a
spinal fusion procedure.

Methods—>50 rats were randomized to four experimentally controlled rat chow diets: normal
control, vitamin D-deficient, vitamin-D insufficient, and a non-toxic high dose of vitamin D, four
weeks prior to surgery and maintained post-surgery until sacrifice. Serum levels of 25(OH)D were
determined at surgery and sacrifice using radioimmunoassay. Posterolateral fusion surgery with
tail autograft was performed. Rats were sacrificed 12 weeks post-operatively and fusion was
evaluated via manual palpation, high resolution radiographs, uCT, and biomechanical testing.

Results—Serum 25(OH)D and calcium levels were significantly correlated with vitamin-D
adjusted chow (p<0.001). There was a dose dependent relationship between vitamin D adjusted
chow and manual palpation fusion with greatest differences found in measures of radiographic
density between high and deficient vitamin D (p<0.05). Adequate levels of vitamin D (high and
normal control) yielded stiffer fusion than inadequate levels (insufficient and deficient) (p<0.05).
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Los Angeles, CA90048 Melodie.Metzger@cshs.org Phone: 310-423-7765; Fax: 310-248-8016.
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Conclusions—Manual palpation fusion rates increased with supplementation of dietary vitamin
D. Biomechanical stiffness, bone volume and density were also positively-related to vitamin D,
and calcium.
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INTRODUCTION

The formation of a solid spinal fusion is a complex process dependent upon many patient,
metabolic, behavioral, biomechanical, and surgical variables.13 Surprisingly, there has been
little to no experimental or clinical research on the effect of patients’ vitamin D status on the
success of establishing a solid bony union after a spinal fusion procedure despite the large
amount of scientific studies demonstrating its importance for overall skeletal health.415 This
disregard for vitamin D is reflected clinically among physicians who often overlook blood
levels of vitamin D prior to treatment. A 2009 study by Diapola et al. revealed only 12% of
spine surgeons check metabolic tests, including serum levels of vitamin D, prior to fusion
surgery and only 20% as part of a pseudoarthrosis workup.16

By underestimating the importance of vitamin D, surgeons may be neglecting a safe and cost
effective means for improving fusion outcomes especially given the high prevalence of
vitamin D insufficiency, particularly among orthopaedic patients. A retrospective review by
Bogunovic et al. found 43% of orthopaedic patients had insufficient serum levels of vitamin
D, of which 40% were classified as deficient.1” Stoker et al. followed this study with a
retrospective review specifically looking at adults undergoing spinal fusion procedures and
reported rates of vitamin D inadequacy and deficiency at 57% and 27%, respectively.1®
Lastly, and perhaps most alarming, was a 2011 study by Parry et al. which revealed 90% of
pediatric patients admitted for long bone or spinal fusion procedures were either vitamin D-
deficient or insufficient.19

Only a few case studies highlighting the potential benefit of vitamin D are available to
persuade the need for preoperative vitamin D screening among spine fusion patients.20-22
Most of the research on the importance of vitamin D during bone formation comes from
studies on fracture healing.8:23.24 A 2009 study by Fu et al. found the administration of
1,25(0OH),D3 after a femoral osteotomy in ovarectomized rats increased the rate of healing,
volume of callus, new bone volume, and trabecular number and density.2* In addition, they
reported one fold higher load to failure during biomechanical testing and better bone
remodeling with vitamin D supplementation. Similarly, a randomized placebo-controlled
study of proximal humerus fracture healing demonstrated a significant increase in bone
mineral density among patients who supplemented with vitamin D and calcium when
compared to controls.® While these studies provide important information on the role of
vitamin D during healing, bone formation in the context of spinal fusion is a process with
unique challenges and considerations.2>
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Therefore, the purpose of this study was to determine whether vitamin D can quantifiably
improve the formation of a solid bony union after spinal fusion by performing an in vivo
dosing study of vitamin D in a rat posterolateral fusion model with autogenous grafting. We
hypothesized that a dose-dependent relationship exists between dietary vitamin D3 and
fusion success as determined by the rate of fusion, stiffness, and density of the fusion mass
formed.

MATERIAL AND METHODS

Subjects and Dietary Manipulation of Vitamin D

Approval for this study was obtained from the Institutional Animal Care and Use Committee
(IACUC#003802) at Cedars-Sinai Medical Center, Los Angeles, CA. Fifty male Sprague-
Dawley rats (220-250g) were randomized to four experimentally-manipulated vitamin
D3(cholecalciferol) diets: 0 IU/g vitamin D3 rat chow (Deficient D, ‘DD’, Modified TestDiet
5A4Y, Newco Distributors, Inc.), 2.25 1U/g vitamin D3 rat chow (Insufficient D, ‘ID’,
TestDietBV325), 5 1U/g vitamin D3 rat chow (Control D, ‘CD’, Diet 5001), and 40 1U/g
vitamin D3 rat chow (Hyper-vitamin D, ‘HD’, TestDiet BV331), Table 1. Dietary
environments were modified 4 weeks prior to surgery with maintenance from post-surgery
through sacrifice. Rats were housed in a vivarium with no ultraviolet light exposure and
allowed to drink and feed ad libitum.

Blood Collection

Blood was collected under inhaled anesthesia immediately prior to spine surgery via tail cut
to expose vein prior to tail amputation. A second collection by heart puncture was performed
immediately after sacrifice. 200 mL samples were collected in heparin coated tubes,
(Microvette 200ul Li Hep, Sardstedt, Newton NC) centrifuged for serum separation, and
freeze-stored (—80°C). Serum levels of hydroxyvitamin D [25(OH)D, sVD] and calcium
(Free, CaF; Bound, CaB; Total, CaT) were determined via radioimmunoassay
(AniLyticslInc, Gaithersburg, MD).

Surgical Procedure

Rats were anesthetized (5% Isoflurane) and maintained under continuous anesthesia
(2%Ilsoflurane). Posterolateral inter-laminar fusion with tail vertebral bone grafting was
performed at L4/L5 by the same surgeon blinded to the experimental dietary condition of the
rat. The lumbar spine and tail were sterilized and prepped for surgery. The tail was
amputated via caudectomy and incision was closed by suture. Seven tail vertebrae were
extracted and soft tissues removed, six were morselized using a Rongeur and one was
ground using a dental bone mill, Figure 1A, B. The morselized and milled bone were mixed
and inserted into a 1cc sterile syringe using a plunger to compact the bone.

While the bone graft was prepared, a surgical incision was made above the spinous
processes of L4 with further dissection by blunt exposure followed by thorough cleaning of
the transverse processes (TPs), facets, and laminar surfaces, and removal of the L4 spinous
process. A high-speed drill was used to decorticate the TPs, facets and lamina just until
punctate bleeding was observed. Prepared autograft (0.3cc per side, 0.6cc total) was
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implanted and tightly packed into the posterolateral gutter spanning the TPs and across the
posterior laminar space, Figure 1C. The wound was sutured closed in two layers.
Buprenorphine and lactated ringers were administered subcutaneously. No antibiotics were
given.

Rats were individually caged after surgery. Health status was evaluated daily throughout the
follow-up period. Rats were allowed to drink and feed ad libitum on specified vitamin D
diets and sacrificed at 12 weeks post-operatively via CO,. Lumbar spine segments were
harvested en bloc for fusion evaluation.

Fusion Assessment—Manual Palpation

Gross explanted L4-L5 segments were subjected to manual palpation performed by two
researchers blinded to diet assignments. Manual palpation included bending in sagittal and
coronal planes. No motion at the L4-L5 segment was determined as fusion success and any
motion at the L4-L5 segment was deemed fusion failure.

Fusion Assessment—High Resolution Radiographs and unCT

Radiographic fusion was determined via high resolution radiographic images (LX-60,
Faxitron X-Ray, LLC Lincolnshire, IL), taken at monthly intervals postoperatively under
inhalation anesthesia. Radiographs were systematically reviewed by two researchers blinded
to dietary conditions and characterized for radiographic fusion defined as density showing
any continuous bridging of the TPs bilaterally ‘fused” vs. ‘not fused’, fusion grade
(Appendix A), percent remodeling, and presence of radiolucencies.

Ex vivo micro-computed tomography (UCT, vivaCT 40, Scanco USA Inc.) was performed
on explanted spines to determine the structural properties of the fusion mass. The L4-L5
region of interest was contoured and segmented from soft tissue using a binary thresholding
procedure. Direct three-dimensional morphometry was used to determine: (a) volume of
mineralized bone tissue (BV, mm?3), (b) bone volume fraction (BV/TV), (c) bone surface to
volume ratio (BS/BV, mm™1), and (d) bone mineral density (BMD, HA/cm?3) based on
calibration with a commercially available pCT phantom containing hydroxyapatite (HA).

Fusion Assessment--Biomechanical Testing

Fused specimens were meticulously cleaned of nonstructural soft tissue and potted to isolate
each L4-L5 motion segment. Potted specimens were mounted on to a servo-hydraulic
actuator (MTS Bionix 370.02, MTS Corp., Eden Prairie, MN) equipped with a mini load cell
(MIN145, API Corp., Apex, NC) and four-point bending apparatus (MTS 642.001A-02,
MTS Corp.). The actuator was lowered at a rate of 3 mm/min imposing a flexural pure-
moment to the L4-L5 motion segment. Vertical load vs. deflection curves were produced for
each specimen and converted to moment-deflection curves where the slope of the first linear
region was taken as a measure of stiffness.

Statistical Analysis

Fishers Exact test and Logistic Regression were applied to frequency data of manual
palpation fusion (fused =1, not fused =0) to test for differences among dietary groups and to
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model the serum Vitamin-D dose-response relationship. Analysis of Variance (ANOVA)
with a dietary group factor was applied to stiffness and continuous measures of density to
test for overall group effect. Tukey test was applied for intergroup and pairwise
comparisons. Interrelationships among serum Vitamin D, calcium, and rat weight were
evaluated with Person Correlation. ANOVA (GLM, SAS) or Logistic Regression (SAS,
LOGISTIC) was applied for multiple variable analyses to evaluate the influence of
covariates.

Overall mortality rate was 4% (2/50); both deaths occurred in the deficient-D group, Table
2. Non-terminal infections were classified as either Type | or Type Il based on severity.
Minor type | infections were only observed in the CD and HD groups, while more severe
type Il infections occurred in the ID and DD groups (Table 2, Not Significant, NS). Average
weight gain did not vary significantly among the four vitamin D-adjusted dietary groups
(NS). During the month of pre-surgical dietary conditioning, there was an average weight
gain of 159.98 g overall. Similarly, there was an average weight gain of 126.59 g from
surgery to sacrifice, Table 3.

Serum levels of Vitamin D and Calcium

Circulating levels of serum 25(OH)D (sVD) were highly correlated between surgical and
sacrificial time points with a shared variability of 93% (r= 96, p<0.0001). Thus, after one
month of dietary conditioning, sVD was relatively stable over time and was significantly
associated with the level of vitamin D3 adjusted in the rat chow (p<0.0001), Figure 2a.

Dietary calcium was held constant across the VD3 adjusted diets, although significant inter-
correlations were seen between serum levels of calcium and VD3 diets [VD3 vs. CaT,
(r=0.52, p<0.0002) and VD vs. CaB (r=0.28, p=0.057)]. Likewise, a significant positive
relationship was found between sVD and CaT (r=0.51, p<0.001) and a marginal positive
relationship was found between sVD and bound calcium (sVD vs. sCaB, r=0.25, p=0.08),
Figure 2b. There was no relationship observed between VD3 and CaF. Serum CaT was
positively related to CaB (r=0.68, p<0.0001) and CaF was negatively related to sCaB
(r=-0.64, p<0.0001), as expected.

Manual Palpation Fusion Rates

Manual palpation fusion rates were 83.3% for HD fed rats, 61.5% fused for CD, 58.3%
fused for ID, and 45.5 % fused for DD and were marginally dose-dependent on the VD3
adjusted in the chow (p<0.07) and were marginally positively related to serum Vitamin D
levels taken at sacrifice (p<0.07), Figure 3a. When data from infected rats were removed,
manual palpation fusion rates were significantly related to serum Vitamin D levels with HD
vs. DD accounting for the greatest difference (p<0.05), Figure 3b.

Biomechanical Testing

Four-point bending of fused specimens indicated an overall difference among mean stiffness
values (p<0.05) across dietary groups, Table 4 and Figure 4A. Excluding data from infected
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rats in a separate analysis, the CD and HD groups combined were significantly stiffer than
the ID and DD groups combined (p<0.05), Figure 4B.

Micro CT Analysis

Micro CT images confirmed bone volume in specimens that were fused, Figure 5. The
hyper-vitamin D group had significantly higher average Bone Mineral Density (BMD,
HA/cm?3) and Bone volume fraction (BV/TV) than the 1D and DD groups, and significantly
lower bone surface to volume ratio (BS/BV, mm™1) than the ID and DD groups, Figure 6A.
Similar results were found when data from infected rats were removed, Figure 6B.

Bone mineral density was related to all measures of serum vitamin D, p<0.001. BMD was
also related to bound (CaB) and total (CaT) calcium, p<0.01. Similar relationships were
observed for BV/TV (p<0.001) and BS/BV (p<0.001). Further, bone volume (BV, mm3)
was positively correlated to biomechanical stiffness (r=0.42, p<0.05).

No relationship was observed between BMD and manual palpation fusion or stiffhess.
Likewise, there was no relationship between BV/TV and BS/BV with either manual
palpation fusion or stiffness.

Qualitative Radiographic Fusion

Cohen’ Kappa calculated between the two reviewers blinded to treatment for radiographic
fusion (fused vs. not fused), was 0.31(DD) indicating fair agreement, 0.43 (ID) and 0.53
(CD) moderate agreement, to 1 perfect agreement for the HD rats. Radiographic fusion
grade (1- 4, see Appendix A), percent remodeling, and disc space density were significantly
related to manual palpation fusion results (all p< 0.0001, Table 5). Vitamin D adjusted diets
were related to radiographic grade (p<0.01), radiographic percent remodeled bone (p<0.02),
and radiographic fusion (0 vs.1, p=0.066).

DISCUSSION

This study demonstrates that vitamin D modulates the consolidation of bone after grafting
for spinal posterolateral fusion in a rat model. Specifically, our results indicate that increased
levels of dietary Vitamin D are directly related to the density of the fusion mass, and
marginally related to the rate of manual palpation fusion and stiffness of the fusion formed.

While this is the first study suggesting vitamin D benefits bone formation after spinal fusion
surgery, numerous studies examining the effect of vitamin D on bone strength and fracture
healing support these findings.24:26-37 A study by Erben et al. demonstrated increased
trabecular width and cancellous bone mass with increased vitamin D supplementation in an
ovariectomized rat model.26 While their study only used two vitamin D doses [low (0.025
ug/kg) vs. high (0.1 pg/kg)], their results are consistent with ours and suggest
supplementation with vitamin D dose-dependently increases bone mass.

Rate of manual palpation fusion was also dose-dependent on vitamin D and can be modeled
as a log function of serum vitamin D adjusted by weight (r2=0.99, Figure 7). Extrapolation
to 100% rate of rat fusion equates to a serum level of 284 ng/ml (ED100%), which is
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considered toxic in humans.38 Thus, caution should be used when projecting animal data to
clinical applications. Further clinically-based research is needed to determine optimal blood
levels for patients undergoing fusion surgery.

An incidental finding of this study was rates of mortality and infection were lower in rats
with adequate vitamin D. Of the 50 rats included, two died within the first week after
surgery and both were given deficient-D chow. Deaths were most likely a result of post-
surgical infection/sepsis as no rats were treated with antibiotics. Greater severity of infection
was observed among inadequate-D (ID, DD) rats, whereas only minor infections were
observed among adequate-D (CD, HD) rats, Table 3. Neither our mortality rate nor infection
rate were statistically significant but are consistent with research emphasizing the
importance of vitamin D for immune function.3® Recent clinical studies investigating pre-
surgical serum 25(OH)D found deficient levels are associated with increased rates of peri-
operative infection and mortality.%-42 Thus, decreased risk of infection may be another
potential benefit of optimal serum levels of vitamin D prior to spinal fusion surgery.

Interestingly, rats with either type of infection formed a robust fusion mass. Research on this
phenomenon is limited, although Lutton et al. demonstrated granulation tissues does indeed
support neoangiogenesis through the release of growth factors and cytokines, and
significantly increased bone formation in their sheep femoral defect model.#3 Due to this
potential infection-granulation phenomenon, fusion outcome measures were presented with
and without data from infected rats. When data from infected rats was excluded from the
analysis, two findings were significant: 1) manual palpation fusion rate was a significant
function of vitamin D, and 2) fusion stiffness was significantly reduced in rats fed deficient
chow compared to those fed sufficient chow.

The present study used a challenging model of bone formation through the use of
autogenous tail bone grafting, as opposed to high-dose growth factor-induced fusion, with
no use of antibiotics. This allowed for greater sensitivity in observing specific biologic
responses to fusion in relation to vitamin D with multiple dependent measures. A balanced
cohort design allowed any variation unrelated to diet to be evenly distributed across diet
groups, with serum validation of the dietary intervention of vitamin D and covariates of
calcium.

Limitations of this study include small sample size, limited number of vitamin D groups
particularly at the higher range, and exclusive use of male rats in this fusion challenge
model. No gender differences in dietary or target level of serum vitamin D has been
described in the literature, and hormonal interactions are unknown. Other limitations include
the inability to control for serum levels of calcium and other potential nutritional modulators
of bone formation that may have indirectly affected some of our outcome measures.

In summary, this study suggests Vitamin D dose-dependently increases the quality of bone
after a spinal fusion procedure. Adequate serum 25(OH)D levels have been associated with
many health benefits and may be an important modifiable risk factor prior to fusion surgery.
While prospective clinical studies are needed, vitamin D supplementation is a readily
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available, safe, and cost-effective pre-surgical intervention for patients undergoing spinal
fusion that can potentially reduce the rate of pseudarthrosis and post-operative infection.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Instruments used to create tailbone graft: a) dental bone mill, b) enlargement of mill, and c)

surgical image of placement of bone graft in fusion bed and across the laminar space (TP=
transverse process, SP=spinous process).
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Figure 2.
(@) Serum level of circulating vitamin D via radioimmunoassay at surgery (p<0.0001) and

sacrifice (p<0.0001) as a function of dietary levels of vitamin D. (b) Calcium determined by
radioimmunoassay as Free (NS), Bound (NS), and Total Calcium (p<0.01) levels as a
function of serum vitamin D.
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Figure 3.
(a) Percent fused as determined by manual palpation with (+/-) confidence intervals for

each of the 4 vitamin-D adjusted diet groups: No vitamin D (ND, 0 1U/g), Insufficient D
(1D, 2.25 1U/g), Control D (CD, 5 1U/g), and High D (HD, 40 1U/g), and (b) excluding data
from infected rats (*p<0.05).
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(a) Biomechanical testing results showing the average stiffness (Nmm/mm) as determined
by four-point bending in flexion for all specimens, and (b) excluding data from infected rats.

Adequate (CD and HD, mean = 493.30 +/-76.06) vs. inadequate (DD and ID, mean =

399.31 +/-69.89) dietary vitamin D groups are presented separately in the shadow bars

(*p<0.05).
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NOT FUSED DD, 01U/g 1D, 2.251U/g CD,51U/g HD, 401U/g

Figureb5.
Example high resolution radiographs (top) with uCT (below) of ex vivo specimens from

each of the vitamin D-adjusted chow groups. Robust radiographic fusion is observed in the
High Vitamin D (40 1U/g) specimen. A radiographic example of ‘not fused’ is included for
comparison (left most radiograph).
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Vitamin D Dose (IU/g)

0 225 5 40
Vitamin D Dose (l1U/g)

MicroCT data for each vitamin D diet group, presented as the average +/-sd. (6-1) bone
mineral density (BMD, HA/cm3) (a) for all specimens, and (b) excluding infected rat data,
(6-2) bone volume fraction (BV/TV) (a) for all specimens, and (b) excluding infected rat
data, and (6-3) bone surface to volume ratio (BS/BV, mm-1) (a) for all specimens, and (b)

excluding infected rat data.
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Figure?7.
Manual palpation fusion rate as a function of serum vitamin-D/baseline rat weight (g),

presented per diet group, in a log-based curve with extrapolation to estimated minimum-
dose needed for 100% manual palpation fusion.
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