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Abstract
Study design Randomized double blind, placebo-controlled trial.
Objectives To examine the effect of early intravenous zoledronic acid (ZA) on bone markers and areal bone mineral density
(aBMD) in persons with acute ASIA Impairment Scale (AIS) A traumatic spinal cord injury (SCI).
Setting Two inpatient rehabilitation units.
Methods Thirteen men, 2 women, aged 19–65, C4-T10 AIS A SCI, received 5 mg intravenous ZA vs. placebo 12–21 days
post injury. Markers of bone formation (procollagen N-1 terminal propeptide [P1NP]), bone resorption (serum C-telopeptide
[CTX]), and aBMD by dual-energy X-ray absorptiometry (DXA) for hip (femur—proximal, intertrochanteric, neck), and knee
(distal femur, proximal tibia) were obtained at baseline, 2 weeks post infusion (P1NP, CTX only), 4 and 12 months post injury.
Results P1NP remained unchanged, while CTX decreased in ZA but increased in controls at 2 weeks (mean difference=
−97%, p < 0.01), 4 months (mean difference=−54%, p < 0.05), but not 12 months (mean difference= 3%, p= 0.23).
Changes in aBMD at the hip favored ZA at 4 months (mean difference 10.3–14.1%, p < 0.01) and 12 months (mean
difference 10.8–13.1%, p < 0.02). At 4 months, changes in aBMD favored ZA at the distal femur (mean difference 6.0%,
95% CI: 0.7–11.2, p < 0.03) but not proximal tibia (mean difference 8.3%, 95% CI: −6.9 to 23.6, p < 0.23). Both groups
declined in aBMD at 12 months, with no between group differences.
Conclusion ZA administered ≤21 days of complete traumatic SCI maintains aBMD at the hip and distal femur at 4 months
post injury. This effect is partially maintained at 12 months.

Introduction

Increased bone turnover and resultant bone loss is a pre-
valent condition following acute traumatic spinal cord
injury (SCI), affecting nearly 100% of motor complete
patients examined in a chronic care setting [1, 2], 40% of
whom are likely to experience fractures. In the initial weeks
following SCI, a process of rapid bone remodeling occurs,
with resorption exceeding formation, leading to bone loss
[3]. Radiographic evidence suggests that an estimated 25%
of areal bone mineral density (aBMD) below the level of
injury is lost within the first 4 months following acute SCI
and progresses to a 33% loss by 16 months post injury
[1, 4], leaving patients at or near the fracture threshold [1].
Additional investigations extending the time from injury to
2 years estimate aBMD reduction of 30–40% at the femoral
neck, 37–43% at the distal femur [5], and 50–60% at the
proximal tibia [6], with the majority of this loss occurring
during the first 12 months.
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Zoledronic acid (ZA) is the most potent of the
bisphosphonates, a class of medication that affects the
ability of the osteoclast to further resorb bone, resulting in
relative bone preservation. Within the osteoclast, ZA
inhibits a key regulatory enzyme known as farnesyl
diphosphate synthetase 17 times more effectively than
alendronate and 67 times more so than pamidronate [7, 8].
Binding of ZA to hydroxyapatite in regions of high bone
turnover, namely trabecular bone endosteal area, results in
greater reduction of bone markers [9]. In addition,
because ZA is administered intravenously, there is less
concern of developing gastrointestinal (GI) irritation or
erosive gastritis. Moreover, patient compliance is far
superior with a once-yearly infusion than with a daily or
weekly oral medication [10].

Individuals with SCI specifically develop sublesional
osteoporosis, namely bone loss below the level of
paralysis [5]. The hip is the area of most frequent study in
terms of bone density changes following ZA administra-
tion [11–13]. However, regions around the knee (distal
femur and proximal tibia) have the highest incidence of
fracture [13, 14].

Five investigations [11–13, 15, 16] have examined the
effect of ZA on bone preservation in SCI patients during the
subacute phase of rehabilitation (8–12 weeks post injury).
Reduction of bone loss was seen at the hip, but not at the
knee [13, 16]. Since bone loss begins within weeks of
injury, we hypothesized that earlier administration of ZA
would be more effective than administration in the subacute
phase of injury.

The first and primary aim of this investigation was to
determine the short- and long-term effects of ZA adminis-
tered within 21 days of injury on aBMD values of the femur
(proximal, intertrochanteric, and neck), distal femur, and
proximal tibia in patients with complete traumatic SCI. Our
primary hypothesis was that participants treated with ZA
would have no more than half the decline in aBMD than
controls in all areas evaluated at 4 and 12 months post
injury. Related hypotheses were that those receiving ZA
would maintain original aBMD values in three hip regions,
and decline ≤5% at the distal femur and proximal tibia at
4 months and ≤10% at 12 months.

A second aim of the investigation was to measure and
compare levels of pro-osteoclastogenic factor interleukin
1-β (IL-1β), bone formation marker procollagen N-1
terminal propeptide (P1NP), and bone resorption marker
serum C-terminal telopeptide of type I collagen (CTX) in
SCI participants receiving ZA vs. controls. Our hypoth-
eses were that (1) levels of IL-1β and P1NP in ZA par-
ticipants would be equal to or slightly above controls
at 4 months; (2) those administered ZA would have
lower levels of CTX at 2 weeks post infusion, 4 and

12 months post injury and be within the reference range
specific to an individual’s age and gender; (3) controls
would demonstrate CTX levels significantly above the
reference range at all time points.

Our third aim was to determine the tolerability of
early administration of intravenous ZA in traumatic AIS
(American Spinal Injury Association Impairment Scale)
A SCI. We hypothesized that individuals given ZA (1) will
have an increased incidence of myalgias, fever, and flu-like
symptoms in the 3 days following infusion of ZA; (2) will
be less likely to participate in physical and occupational
therapy during the first week after infusion; and (3) not
desire ZA at any future time.

Methods

Participant screening process

Between July 2012 and July 2017, 16 participants of C4-
T10 complete traumatic SCI, and were aged 18–65, were
invited to participate within the first 18 days of acute trau-
matic SCI. Prior to the first participant being enrolled, the
study was registered on clinicaltrials.gov (NCT01642901)
and subsequently received University IRB approval. This
oversight committee authorized study initiation based on
compliance with ethical standards of care and patient
protection guidelines. A separate Data Safety Monitoring
Board evaluated safety of the protocol, study conduct, and
integrity of the trial and circumstances leading to any severe
adverse event.

All participants were drawn from two acute inpatient
rehabilitation units in a large urban area. Inclusion criteria
and exclusion criteria are given in Table 1. A caudal limit of
T10 was established to avoid inclusion of participants with
cauda equina syndrome. Once consented, participants were
interviewed for presence of any hereditary or acquired
metabolic bone disorder, conditions that would interfere
with vitamin D intake or absorption, personal medical his-
tory, prior medication use, menstrual status (pre or post
menopausal), and social or lifestyle factors that could alter
ability to participate.

After informed consent was given, but prior to day 10
post injury, investigators obtained serum calcium, intact
parathyroid hormone (iPTH) and serum vitamin D25OH
levels to determine further eligibility. Participants with
vitamin D deficiency were allowed to receive supple-
mentation to raise their level above 13 ng/mL in order to
participate. Additional screening labs were performed,
and participant interviews conducted. Detailed protocols
for screening labs and assessments are outlined in
Supplementary Appendices 1 and 2.
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Baseline laboratory indexes

Before infusion of the study drug, baseline levels of IL-
1β, creatinine phosphokinase (CPK), P1NP, and fasting
serum CTX were obtained. These laboratory tests were
used for monitoring indexes of bone metabolism, kidney
function, and muscle enzymes. Serum CPK was added
after participant 6 demonstrated an elevated level when
drawn for an unrelated purpose. Thus, it was calculated
only for the remaining nine participants. Infusion proce-
dure, lab, and imaging timing are outlined in Supple-
mentary Appendix 2. There was a range of 3–10 days
between enrollment and study drug administration, with
all participants receiving infusion of the study drug by
day 21 post injury.

Randomization method

Participants were assigned to treatment versus placebo group
in a 2:1 ratio through the method of random permuted blocks
of sizes 3 and 6, generated by the University Division of
Biostatistics. Since bone loss is well established following
SCI, investigators felt the control group did not need to be as
large. Researchers also believed the 2:1 ratio would help with
recruitment in an environment of many competing trials.
The Division of Biostatistics also prepared a set of sealed
envelopes with participant assignment, kept by a blinded

administrative assistant. The block size was not disclosed to
the investigators or research assistants, all of whom were
blinded to assignment of each participant’s intervention. Only
the investigational pharmacist was not blinded.

Imaging technique

Dual-energy X-ray absorptiometry (DXA) (Delphi W;
Hologic, Inc, Bedford, MA) was used to assess aBMD in the
proximal femur by standard procedures for Hologic densit-
ometers. The distal femur and proximal tibia were evaluated
using separate high-resolution scans that were conducted
with the lumbar spine scan mode. The distal femur scan
began just below the femoral condyles and extended 239
mm proximally. The proximal tibia scan began just above
the tibial plateau and extended 239mm distally. The ana-
lyses were conducted using a modified version of the pro-
cedure described by Shields et al. [17] and Global Region of
Interest software. The analyses occurred in the distal femur
and proximal tibia scans within region of interest boxes that
were a height 7% of femur length and a width greater than
the width of the bone. In the distal femur, the distal edge of
the region of interest box was above the terminus of the
lateral distal femur at a distance 13% of femur length. In the
proximal tibia, the proximal edge of the region of interest
box was at the distal meeting point of the tibia and fibula.
This region selection of the proximal tibia was slightly

Table 1 Inclusion and exclusion criteria.

Inclusion criteria

Ages 18–60 Traumatic SCI with neurological level C4-T10, AIS A, serum calcium
level >7.0 mg/dL at time of study drug administration

Serum 25-hydoxyvitamin D ≥ 13 ng/mL as tested by day prior to infusion.
Baseline levels below this obtained very early may be supplemented and
retested for participation

No medical contraindication to supplemental vitamin D for participants whose
levels are >13 ng/mL but subtherapeutic (<32 ng/mL)

No medical contraindication to supplemental calcium Weight <270 lbs, which is the maximum permitted on the DEXA scanner

Exclusion criteria

Ventilator-dependent individuals, unless actively being weaned History of use of unfractionated heparin for >1 year

Chronic steroid use (defined as use >6 months) Hypotension requiring use of intravenous blood pressure agents such as dopamine,
norepinephrine or phenylephrine

Rheumatoid disease with use of prior disease modifying antirheumatic drugs
(DMARDs) affecting bone density

Inability to provide informed consent and understand the consent process

History of osteoporosis or of treatment for osteopenia or osteoporosis with
bisphosphonates or selective reuptake estrogen modifying agents (SERMs)

Facial fractures requiring oral surgery

Current use of medications, including bisphosphonates, to treat osteoporosis
(excluding prior calcium or vitamin D use)

Dental surgery or oral maxillofacial surgery within 2 weeks of anticipated study
drug administration

History of more than one lower extremity osteoporosis-related fracture Pregnancy present on admission

Chronic renal insufficiency (eGFR < 35 mL/min/1.73 m2) during screening Vitamin D deficiency on admission testing (serum 25-hydroxyvitamin
D < 13 ng/mL)

End-stage liver or kidney disease Patients with an established reaction to, or history of, anaphylactic shock to aspirin

Medical conditions resulting in hypogonadal states that affect bone density History of select antiepileptic medications (Phenobarbital, phenytoin,
carbamazepine, sodium valproate) >1 year

Uncontrolled thyroid disease/thyrotoxicosis Acute or chronic bilateral lower extremity fractures involving tibia or femur, with
placement of surgical hardware in any areas of above locations

Hereditary or acquired metabolic bone disorder

The effect of zoledronic acid on attenuation of bone loss at the hip and knee following acute traumatic. . . 923



different from that described by Shields et al. [17], which
began at the proximal meeting point of the tibia and fibula,
because it avoided overlap in the tibia and fibula. See Sup-
plementary Appendix 3 and Fig. S-3.

Statistical analysis

Continuous outcomes were summarized using means,
standard deviations, medians, and ranges. Categorical out-
comes were summarized using category frequencies, and
percentages. Groups were compared using independent
sample t-tests for continuous outcomes and Fisher’s exact
test for categorical outcomes. Percent changes of CTX and
P1NP were not normally distributed, and were examined
with nonparametric statistics.

The effect size was calculated as the difference in mean
percent change (ZA-control). SAS/STAT software, version
14.2, SAS System for Windows (SAS Institute, Cary, NC),
was used for all analyses.

Results

Demographic composition

A consort flow diagram of participant enrollment is given in
Fig. 1. One ZA participant lacked valid DXA imaging for
distal femur and proximal tibia at 4 and 12 months, due to
imaging challenges from spastic flexion contractures. His
remaining data were included. Another ZA participant
withdrew at 10 months (moved 3000 miles away). Demo-
graphics at baseline are noted in Table 2. There were no
clinically meaningful differences between the groups in age,
gender, race, or neurological status.

Laboratory studies

At baseline, no differences between groups in serum crea-
tinine, calcium, phosphate, magnesium, iPTH, vitamin
D25OH, or IL-1β were found (Table 2). In addition, P1NP
did not differ between groups, but CTX was higher in the
participants who received ZA.

In the 3 days after infusion, there was significantly
lower serum calcium in the ZA group relative to controls.
Calcium was aggressively supplemented in oral or IV
form. Several participants required supplementation with
50,000 units ergocalciferol, in order to reach the 13 ng/ml
threshold of vitamin D25OH for participation. Those
participants also required continued weekly doses of
the 50,000 units of ergocalciferol until therapeutic levels
were reached, after which time they continued with a
maintenance dose of 2000 units daily. In accordance with
institutional standards of care, Endocrinology consultants

followed those with low initial levels of vitamin D25OH.
No participants were in secondary hyperparathyroidism at
any point in the study. For IL-1β, no values for either ZA
or control participants were outside of the normal limits at
any assessment point.

Despite a concern that ZA might decrease ability to
heal bone, since there exists a coupling of bone formation
and bone resorption [18], no participants, control or ZA,
had levels of P1NP below normal at either the 1- or
4-month follow-up. Thus, no evidence of slowed bone
formation was evident after giving ZA (see Supplemen-
tary Appendix 4). All spine fractures in ZA participants
healed within or earlier than the anticipated timeframe.

The ZA group showed significant percent reductions of
CTX levels at 2 weeks post infusion (mean difference=
−97%; 95% CI −130% to −64%; Kruskal–Wallis
p= 0.002) and 4 months post injury (mean difference=
−54%; 95% CI −116 to 7%; Kruskal–Wallis p= 0.048),
relative to changes seen in controls, noting that the ZA group
had higher baseline values (Table 2, Supplementary
Appendix 4, Fig. 2). By month 12, differences in percent
change between groups were no longer substantial on
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average, though they were highly variable (mean difference=
3%; 95% CI −80 to 86%).

DXA findings

No participants were osteoporotic at baseline; however, two
participants, one in each group, had osteopenia in the −1.6
to −1.7 range by adjusted Z scores. Explanations for
osteopenia in these participants appear to be low baseline
vitamin D and chronic lactose intolerance.

Hip region outcomes

The mean aBMD changes in placebo and ZA groups for
total proximal femur, intertrochanteric femur, and femoral
neck at 4 months post injury are given in Table 3. Inde-
pendent sample t-tests indicate that the ZA group had sig-
nificantly higher aBMD than controls at 4 months in all 3
locations. At 12 months, the total proximal femur and
intertrochanteric femur had declined by 8.4% while the
femoral neck declined 4.8%. This degree of loss was

between 60 and 77% less than the loss observed in the
control group. Results for aBMD indicate a large effect size
for all outcomes involving the hip (Table 3).

Knee regional outcomes: distal femur and proximal tibia

Table 4 summarizes findings for aBMD in distal femur and
proximal tibia. The number of participants in the ZA group
was decreased by 1 participant at 4 months and 12 months
for both regions near the knee due to imaging difficulties
from spastic flexion contractures. One participant from the
control group was over 1 month late for the 4-month
assessment. Complete results for aBMD for hip and knee
regions appear in Supplementary Appendix 5.

At 4 months post injury there was a significant
difference in change in aBMD between groups, with a
mean difference of 6.0% (95% CI: 0.7–11.2; p= 0.029)
favoring the ZA group. At 12 months post injury, the
distal femur had lost 8% original BMD in ZA participants
versus 10% loss among controls in the study, a difference
that was not statistically significant (Mean difference=
2.0%; 95% CI=−6.5 to 10.3; p= 0.62). The above
findings indicate a large effect size at 4 months but a small
effect size at 1 year.

For the proximal tibia variability within groups resulting
in large standard deviations for change in aBMD rendered
the difference between the 2 groups nonsignificant at 4 and
12 months, despite large mean differences. Effect size at
4 months was moderate, but at 12 months was small.

Participation outcomes

No time in weekly therapy was missed, but for some
patients, less time was scheduled on the day after infusion
and shifted later in the week. All participants agreed they
would enroll again in the study when questioned at 7 days
and 1 year after study drug. Those experiencing postdrug
fevers and fatigue attributed symptoms to factors other than
the drug interestingly. Participants were not dropped if they
converted to incomplete injuries. Recent reports in the
literature give annual conversion rates from complete to
incomplete as high as 34.7% for cervical SCI and
16.4–31.5% for thoracic SCI [19, 20]. At 4 months, 1
control participant had converted to AIS B (deep anal
pressure only), another to AIS C, (1/5 strength in long toe
flexor and deep anal pressure). At 12 months, 3/15 were
now AIS B (2 ZA, 1 control) and 2 AIS C (1 from each
group, both with motor scores of 3 or less).

Telephone conferences after hospital discharge

Questions regarding vitamin D and calcium compliance,
postdischarge unplanned hospital visits and reasons for

Table 2 Baseline demographics and lab values.

Descriptor Control ZA

Age (years) 30.8 (9.91) 35.9 (12.63)

Neurological status

Tetraplegia 1 (20) 4 (40)

Paraplegia 4 (80) 6 (60)

Gender

Male 5 (100) 8 (80)

Female 0 (0) 2 (20)

Race

Caucasian 3 (60) 6 (60)

Black 2 (40) 2 (20)

Hispanic or Latino 0 (0) 1 (10)

Asian 0 (0) 1 (10)

Lab indexes

Serum calcium (mg/dL) 9.06 (0.51) 8.97 (0.42)

Serum phosphate(mg/dL) 4.38 (0.75) 4.07 (0.69)

Serum magnesium (mg/dL) 1.78 (0.04) 1.75 (0.22)

Serum CPK (mcg/L) 329.16 (482) 299.88 (978)

Serum creatinine (mg/dL) 0.70 (0.14) 0.77 (0.47)

Vitamin D25OH (ng/mL) 21.38 (8.79) 23.74 (8.71)

PTH intact (pg/mL) 31.40 (27.37) 36.20 (11.6)

P1NP (mcg/L) 52.8 (9.5) 62.67 (36.2)

Serum CTX (pg/mL) 0.95 (0.3) 1.55 (0.5)

Within each column, first number is the mean value or proportion and
standard deviation or percentage appears in ().

ULN upper limit of normal, pg picograms, mcg micrograms, dL
deciliter.

The effect of zoledronic acid on attenuation of bone loss at the hip and knee following acute traumatic. . . 925



visits, along with any falls and fractures was obtained in the
phone questionnaires. These interviews revealed com-
pliance with calcium and vitamin D tablets for all partici-
pants. Interviews also revealed that 2 ZA participants had
fallen from wheelchairs, but no fractures or other injuries
occurred from these events or any others reported by ZA or
control participants.

Adverse events

Those in the ZA group did have statistically higher occur-
rences of fever (p= 0.041) of 100.6–103.2 that presented
24–48 h post infusion and lasted from 2 h to 2 days. Of the 8
participants experiencing temperatures greater than 100.5, 7

Table 3 Areal BMD total hip and femoral neck.

Areal BMD (4-month % change)

Control subjects (n= 5) ZA subjects (n= 10) Difference (ZA-control)

Mean Median St Dev Min Max Mean Median St Dev Min Max Mean 95% CI p value

Total proximal femur −12.0 −11.9 7.50 −22.9 −4.27 0.92 −1.60 7.14 −3.77 20.4 13.0 4.4−21.6 0.006

Intertrochanteric femur −12.9 −11.6 7.67 −24.7 −5.05 1.19 −0.08 7.77 −5.06 22.2 14.1 4.9–23.2 0.006

Femoral neck −9.37 10.0 6.39 −18.3 −2.55 0.97 0.21 6.12 −6.88 13.5 10.3 3.0−17.7 0.009

Areal BMD (12-month % change)

Control subjects (n= 5) ZA subjects (n= 9) Difference (ZA-control)

Mean Median St Dev Min Max Mean Median St Dev Min Max Mean 95% CI p value

Total proximal femur −21.3 −22.4 8.66 −33.0 −8.99 −8.20 −7.50 3.64 −13.3 −3.64 13.1 5.6−20.6 0.002

Intertrochanteric femur −19.4 −18.2 7.00 −27.4 −9.86 −8.62 −8.40 4.70 −15.9 −2.3 10.8 3.7–17.9 0.004

Femoral neck −17.0 −16.6 11.8 −31.0 −1.70 −3.93 −3.40 5.60 −11.2 4.72 13.1 2.6–23.6 0.013

Table 4 Areal BMD of the distal femur and proximal tibia.

Areal BMD (4-month % change)

Control subjects (n= 5) ZA subjects (n= 9) Difference (ZA-control)

Mean Median St Dev Min Max Mean Median St Dev Min Max Mean 95% CI p value

Distal Femur −6.75 −6.06 4.04 −12.0 −1.44 −0.78 0.92 4.46 −6.59 7.08 6.0 0.7–11.2 0.029

Proximal Tibia −8.56 −3.88 14.1 −33.5 0.66 −0.24 0.27 11.7 −18.3 22.0 8.3 −6.9–23.6 0.225

Areal BMD (12-month % change)

Control Subjects (n= 5) ZA Subjects (n= 8) Difference (ZA-control)

Mean Median St Dev Min Max Mean Median St Dev Min Max Mean 95% CI p value

Distal Femur −10.0 −10.1 8.7 −20.1 2.98 −8.07 −7.17 5.2 −15.2 −2.67 1.94 −6.5–10.3 0.622

Proximal Tibia −10.0 −7.33 18.3 −39.7 7.04 −4.54 −3.76 9.89 −17.8 9.48 5.49 −11.5–22.5 0.421

0%

20%

40%

60%

80%

100%

120%

140%

160%

%
 s-

CT
X/

up
pe

r l
im

it 
of

 n
or

m
al

Time Point
ZA Median Values
Control Median Values

P = xyz
2-weeks Post-drug Infusion = 0.003
4-months Post-injury = 0.048

Baseline 2-weeks Post-Drug Infusion 4-months Post-injury

Mean = 0.95 
SD = 0.30 
IQR = 0.64-1.10 Mean = 0.25 

SD = 0.49 
IQR = -0.12-0.62 

Mean = 0.32 
SD = 0.49 
IQR = 0.12-0.15 

Fig. 2 Serum CTX as percent of
upper limit of normal from
baseline to 4 months in
zoledronic acid vs. control.

926 C. V. Oleson et al.



received ZA and 1 received saline placebo (later attributed
to UTI). One acute kidney injury (AKI) in the ZA group
was observed 6 days after receiving the study drug. Crea-
tinine rise of 1.2 points from baseline (1.1–1.3) to 2.3–2.5,
occurred in the setting of elevated vancomycin trough the
night prior to the lab. This participant had developed an
acute fever with pneumonia and was given vancomycin and
zosyn. The patient was aggressively hydrated, antibiotics
changed by infection disease consultants, and creatinine
returned to baseline 5 days after onset of AKI.

One participant experienced noncardiac chest pain and
elevated CPK. After thorough review of labs from the
referring trauma center, CPK levels had been even higher in
acute care. The noncardiac chest pain resolved in 45 min
with an antispasticity agent.

Discussion

To our knowledge, this investigation is the first to admin-
ister ZA in a double blind, placebo-controlled protocol, to
acute SCI participants who are within the first 21 days of
injury. Due to the duration following SCI of just
10–21 days, our patients were prone to fever, infections,
and other early medical issues following SCI. However, all
were medically stable for participation. Earlier investiga-
tions on use of ZA following SCI involved persons with
AIS B or C SCI. Despite the fact that one-third of our
patients had converted to incomplete injuries, neurologic
improvement made little to no difference in aBMD values,
perhaps because recovery was minimal.

Pathophysiology of bone loss after SCI

In the early weeks following SCI, the rate of bone resorp-
tion greatly exceeds that of bone formation due primarily to
upregulation of the osteoclast [21]. Hypercalcemia and
hypercalciuria, observed in the weeks following paralysis,
arise in parallel with elevation of resorption indices such as
urine and serum telopeptides, hydroxyproline, and urine
pyridinoline [21, 22] leading to overall bone loss. Trabe-
cular bone is more commonly affected than cortical bone in
the first 4 months following SCI due to its faster turnover
rate [23, 24] Elevations in bone resorption markers begin at
one-week post injury, peak at 16–20 weeks post- injury, and
then gradually decline. At their highest value, some markers
measure ten times the upper limit of normal [24].

Markers of bone formation vary from mildly depressed
to slightly elevated during the first 6 months [14], but
temporary elevation of formation is not sufficient to coun-
teract the significant bone resorption during this same
interval. Evidence of the above process is seen in the
findings of our P1NP and CTX outcomes. Based on the

work of Davies [25], IL-1β may be one of the earlier factors
elevated after SCI [26] but the duration of high levels is
unclear. Our study examined levels of IL-1β only up to
4 months post injury and in this time no participants, control
or experimental, had elevations in IL-1β at baseline or
subsequently.

aBMD outcomes at the hip

Our outcomes support the primary hypothesis for the hip in
that control participants lost more than two times the aBMD
of ZA participants (17.0–21.3% vs. 4.0–8.4%). Nevertheless,
the ZA group did show some bone loss at 12 months, refuting
our hypothesis that aBMD would be maintained. Our findings
reaffirm the conclusions of prior investigations that one dose
of 5 mg IV ZA preserves bone at the hip and femoral neck if
given in the acute phase of SCI. The other investigations did
differ in specifics of the results and the sites investigated, as
well as timing of follow-ups. Two groups [11, 12] showed
bone preservation at several sites in the hip, but not the
femoral neck at 1 year. Bauman et al. [13] showed results at
the knee paradoxically favored the control group but had
similar outcomes at the hip to previous reports [11–15].

Since hypercalciuria and elevated CTX are seen as early as
10–14 days post injury, the other investigations that enrolled
participants up to 3 months post injury, theoretically included
participants whom had already been losing bone for anywhere
from 2 weeks to 2 months prior to receiving intervention. In
contrast, most of our patients enrolled by day 14–16, still had
CTX values in the normal range. Lab values did show that
those who enrolled closer to the 21-day deadline had already
begun experiencing osteoclastic upregulation, suggested by
elevated CTX. Although bone resorption markers may con-
tinue to be elevated for up to 3 years post injury [27, 28], a
single dose of ZA is expected to last a year at most. In our
study CTX markers had returned to baseline levels or nearly
so by one year and had begun migrating upward even after
4 months. The timing and value of a second dose of ZA for
continued marker suppression is yet to be determined in those
experiencing acute SCI. Although group differences were
maintained at the hip for one year, disparities lessened
between months 4 and 12.

aBMD outcomes at the knee

Findings at the distal femur in our study were significant at
4 months but not by 1 year. Still, a loss of just 8% of BMD
in a year is noteworthy and far better than many historical
controls [1, 14]. However, this finding needs validation with
larger investigations of similar participants given the dif-
ferences in outcome from prior investigations. Proximal
tibia outcomes did not differ between groups at both 4 and
12 months, although on average no bone was lost in the ZA
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group at 4 months and just 4% decline was seen at 1 year.
Earlier administration of ZA in this investigation may have
led to superior bone preservation in this study relative to
others studying aBMD at the knee.

Compared with results of earlier investigations [13, 16],
our results in the distal femur suggest a benefit in giving ZA
for bone preservation after SCI, paralleling outcomes at the
hip but to a much lesser effect. The benefit of ZA for pre-
serving bone at the proximal tibia is unclear. Future direc-
tions may include giving a subsequent dose of ZA or
comparable antiosteoclastogenic agent before the end of the
first year after SCI, or supplementing the medication with
physiatric interventions including functional electrical sti-
mulation or vibratory techniques.

Study limitations

Enrollment fell significantly below that planned at the start
of the investigation. The presence of a number of competing
trials on acute traumatic SCI in our hospital, each of which
recruited patients between days 0 and 1 of acute SCI and
were geared toward neurorecovery, left only a select num-
ber of participants available for enrollment in our clinical
trial. Our investigators were unable to approach possible
participants for enrollment until at least day 3 post injury,
after these SCI individuals had either declined involvement
in other clinical trials or were determined to be ineligible
for them.

DXA imaging, particularly at the knee was limited by
positioning on the table in some individuals with evolving
contractures in either knee flexion or hip rotation. Another
potential limitation of the study is the approach used to
assess aBMD in the distal femur and proximal tibia.
Although different DXA protocols have been proposed, we
chose the procedure of Shields et al. [17] because it has
been shown to yield reliable estimates in these regions. The
assessment of the proximal tibia was modified by moving
the region of interest distally such to avoid overlap in the
tibia and fibula that occurs with the standard Shields pro-
cedure. Moreover, the modified region of interest captures
the metaphysis, which is the region assessed in the distal
femur. Although, using computed tomography, Edwards
et al. [29] found that reductions in integral, cortical, and
trabecular volumetric BMC and bone mineral content fol-
lowing SCI tended to progressively decrease moving away
from the epiphysis and toward the diaphysis, the reductions
they reported in the metaphysis remained notable. Eventual
development of a specific imaging protocol best suited for
persons with sublesional osteoporosis would enhance the
interpretation of findings in future investigations.

Conclusion

A single dose of 5 mg IV ZA maintains bone at the hip and
knee at 4 months, significantly reduces bone loss at the hip,
and partially reduces loss at the knee at 1 year post injury.
Combined interventions will likely be needed to fully
maintain bone density beyond the first several months
of SCI.
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