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spectroscopy analysis revealed that the calcified lesion con-
sisted only of CPPD, not hydroxyapatite (Fig. 4d).

After the surgical treatment, the patient quickly recov-
ered from neurological deterioration. At the latest follow-
up, 2 years after the surgery, the patient was doing well
and had no neurological deterioration. Postoperative CT
revealed complete resection of the calcification of the pos-
terior atlantoaxial membrane (Fig. 2¢, d). No obvious insta-
bility and progression of OPLL were observed in dynamic
X-rays of the cervical spine.

Written informed consent was obtained from the patient
to publish this case report and any accompanying images.

Discussion

The first case of myelopathy due to CLF at the cervical
spine was described in the late 1970s [3, 4]. Since those
reports, to the best of our knowledge, more than 100 cases
of symptomatic cervical CLF have been reported. The
overwhelming majority of these cases have been reported
from Japan. We have summarized the data available from
previously reported cases in Table 1. This entity is more
prevalent in elderly females [1, 5].

Theoretically speaking, CLFs can arise from any level
of the cervical spine; but they predominantly arise from
the lower cervical spine, with the two most commonly
affected levels being C4/5 and C5/6 (Table 1). To the best
of the authors’ knowledge, Inoue et al. [6] briefly reported
the first case of calcification of the posterior atlantoaxial

membrane. The case was a 42-year-old man without any
systemic background for ectopic ossification, yet he dis-
played multiple-level cervical ossification of the ligamen-
tum flavum (OLF), thoracic OPLL, cervical CLF, and cal-
cification of the posterior atlantoaxial membrane. However,
the authors did not perform a detailed crystallographic
analysis of the calcification of the posterior atlantoaxial
membrane. Although the present case is the second report
of calcification of the posterior atlantoaxial membrane, this
is the first to include a crystallographic analysis.

The precise pathophysiology of CLF remains unknown;
however, elastic fibers undergoing breakdown (i.e., degen-
erative changes in the ligamentum flavum) have been
reported to exhibit increased affinity for calcium [7, 8]. It
is commonly recognized that degenerative changes in the
ligamentum flavum are induced by a combination of vari-
ous factors, including the aging process, the decrease in
estrogen in elderly women, mechanical stress of the lower
cervical spine [7, 8], and chondrocytic metaplasia [9].

There have been no previous reports on calcification of
the posterior atlantoaxial membrane. Functionally speak-
ing, the ligamentum flavum provides a static, elastic force
to support the spinal column in its return to a neutral posi-
tion after flexion and extension movements. In turn, the
posterior atlantoaxial membrane predominantly consists of
a collagenous tissue, while elastic fibers comprise a minor
counterpart [10]. Macroscopically, Ramsey [10] reported
a definite lack of yellow color in these two upper cervical
ligaments attached to the laminae of C1 and C2. On micro-
scopic examination of the posterior atlantoaxial membrane

Table 1 Age distribution and topographic and crystallographic characterization of the 33 previously reported papers on the calcification of liga-

mentum flavum, along with a list of those papers

Cervical segment

C12 C2/3 C3/4 C4/5 C5/6 C6/7 C7/T1
Distribution of calcium deposits I 5 37 62 71 36 8

Crystal type

CAP CPPD CPPD + HAP HAP Others
Number of identified calcium deposits 2 15 22 2

Patient’s age group

40s 50s 60s Over 70
Female/total number 212 4/9 29/35 43/57

(1) Nanko et al. [14]%, (2) Kamakura et al. [4], (3) Jyotoku and Harada [16]?, (4) Kawano et al. [17], (5) Kida and Tabata [18]? (6) Nagashima
et al. [197%, (7) Fujiwara et al. [20]%, (8) Akino et al. [15]%, (9) Iwasaki et al. [11], (10) Nakajima et al. [7], (11) Nagashima et al. [37], (12) Ogata
et al. [12], (13) Hirano et al. [21]% (14) Berghausen et al. [22], (15) Kubota et al. [23], (16) Kawano et al. [24], (17) Koyama et al. [38]%, (18)
Hankey et al. [25], (19) Gomez and Chou [26], (20) Sato et al. [27], (21) Ohnishi et al. [28]%, (22) Okada et al. [8], (23) Takayama et al. [29]%,
(24) Baba et al. [3], (25) Haraguchi et al. [30]%, (26) Higashi et al. [31]% (27) Yamagami et al. [32], (28) Cabre et al. [13], (29) Ugarriza et al.
[33], (30) Guesmi et al. [34], (31) Muthukumar and Karuppaswamy [35], (32) Yabuki and Kikuchi [36], (33) Mwaka et al. [9]

CAP carbonate apatite, CPPD calcium pyrophosphate dihydrate, HAP hydroxy apatite

# Articles in Japanese
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in adults, the concentration of elastic fibers is approximately
half that seen in true ligamentum flavum. These differences
may contribute to the discrepant prevalence of CLF and cal-
cification of the posterior atlantoaxial membrane.

Some authors have assumed a possible association
between CLF and articular chondrocalcinosis (pseudogout)
[5]. The generalized articular chondrocalcinosis  seen
in the present case led us to hypothesize that, at least in
part,chondrocalcinosis played a role in the calcification of
the posterior atlantoaxial membrane. The unusual mechani-
cal stress that converged on C1/2 due to the mixed-type
OPLL extending from C2 to C5 in the present case may
also have played a significant role in this condition.

The etiology of CLF is likely to be different from that of
OLF [1]; however, Inoue et al. [6] suggested the possibility
that the same factor may have initiated ossification and cal-
cification in spinal ligaments. Further studies are needed to
elucidate the pathophysiology of calcification and ossifica-
tion of the spinal ligaments.

Standard X-rays can show abnormal shadows of calcifi-
cation on the posterior wall of the spinal canal [11]. How-
ever, these sometimes fail to demonstrate any abnormality
other than mild spondylosis [12]. MR imaging is useful for
identifying spinal cord and/or nerve root involvement; how-
ever, it cannot distinguish between calcification and hyper-
trophied (uncalcified) spinal ligaments since these two con-
ditions both yield low intensity on the T1- and T2-weighted
images. On the other hand, CT can clearly differentiate
between these two conditions and is the best modality for
detecting calcification of the spinal ligaments [13].

The natural history of cervical myelopathy due to CLF is
not fully understood, since most of the previously reported
cases were treated surgically. However, Cabre et al. [13]
reported conservative treatment of two cases; i.e., one
declined surgery and the other one had cardiorespiratory
disease contraindicating surgery. These two cases uniformly
worsened neurologically, whereas surgical treatment has
achieved good results in most previous reports [5, 13]. Tak-
ing all of these findings into account, surgical treatment was
advocated in symptomatic patients with cervical CLF [13].
One can perhaps extend this surgical indication to include
calcification of the posterior atlantoaxial membrane.

In conclusion, calcification of the posterior atlantoaxial
membrane is an extremely rare disease. We must to keep
in mind the possibility of latent calcification of the cervical
spinal ligaments in patients with generalized articular cal-
cification. When symptomatic, surgical treatment is advo-
cated to prevent further neurological compromise.
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Modified K-line in Magnetic Resonance Imaging
Predicts Clinical Outcome in Patients With
Nonlordotic Alignment After Laminoplasty for
Cervical Spondylotic Myelopathy

Takashi Taniyama, MD, *t Takashi Hirai, MD, PhD,*t# Toshitaka Yoshii, MD, PhD,*t
Tsuyoshi Yamada, MD, PhD,*t Hiroaki Yasuda, MD,*t Masanori Saito, MD,*t Hiroyuki Inose, MD, PhD,*
Tsuyoshi Kato, MD, PhD,* Shigenori Kawabata, MD, PhD,* and Atsushi Okawa, MD, PhD*+§

Study Design. Retrospective single-center studly.

Objective. To investigate whether a preoperative index predicts
clinical outcome after laminoplasty for cervical spondylotic
myelopathy.

Summary of Background Data. This is the first study using the
modified K-line, which connects the midpoints of the spinal cord at
the C2 and C7 levels on midsagittal magnetic resonance imaging, to
assess the relationship between postoperative clinical outcome and
anticipated degree of spinal cord shifting.

Methods. Sixty-one consecutive patients who underwent
laminoplasty for the treatment of cervical spondylotic myelopathy
between 2000 and 2011 at our hospital were retrospectively
reviewed. The interval between the preoperative mK-line and the
anterior structure of the spinal canal at each segment of the C3 to
C6 levels (INT, n = 3-6) were measured on sagittal T1-weighted
magnetic resonance imaging, and the sum of the INT_(INT_ ) was
then calculated. The degree of posterior cord shift was defined as
follows: %C_ = 2C; C = (B,—A) X T00/A (n = 3-6; A and
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B, represent the preoperative and postoperative intervals between
the midpoint of the spinal cord and the anterior impingement at
each segment on sagittal T1-weighted magnetic resonance imaging,
respectively). In addition, we defined INT __ as the minimum interval
of the INT, in each patient. All patients were divided into lordotic
and nonlordotic groups on the basis of lateral neutral radiography.
The Japanese Orthopaedic Association (JOA) scoring system and
recovery rate of the JOA score for cervical myelopathy was evaluated
as clinical outcomes.

Results. The recovery rate of the JOA score was 48.1%. The lordotic
and nonlordotic groups contained 38 and 23 patients, respectively.
Linear regression analysis revealed that INT  was significantly
correlated with the recovery rate of the patients in the nonlordotic
group, whereas INT__was not associated with recovery of the JOA
score.

Conclusion. We identified INT__ as a predictive factor for clinical
outcomes in patients with nonlordotic alignment after laminoplasty.
Key words: cervical spondylotic myelopathy, laminoplasty, spinal
cord anterior clearance, postoperative anterior compression.

Level of Evidence: 4

Spine 2014;39:E1261-E1263

sum

ny reports'™ have addressed laminoplasty (LAMP)
or the treatment of patients with myelopathy since
{ 2 Oyama and Hattori* first described the procedure in
1973. Several modifications have been made, and the proce-
dure has been adopted by many spine surgeons as an effective
and relatively safe method to decompress the spinal cord® and
achieve sufficient stability for multisegmental cervical lesions
that cause cervical spondylotic myelopathy (CSM).6 Many
reports have indicated that decompression by LAMP leads to
long-lasting neurological recovery.”* However, LAMP occa-
sionally fails to relieve anterior compression of spinal cord
caused by cervical kyphosis and/or intervertebral disc bulg-
ing,!" which prevents neurological recovery, because the
decompression mechanism depends only on the posterior
shifting of the spinal cord. Therefore, it is important for spine
surgeons to acknowledge this issue and determine risk factors
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for ineffective or incomplete decompression before selecting a
surgical treatment. We previously reported that the modified
K-line (mK-line) in magnetic resonance imaging (MRI) is an
effective tool to predict residual anterior compression of the
spinal cord after LAMP."? In this study, we further investi-
gated whether preoperative factors determined according to
the mK-line could predict postoperative spinal cord shifting
and clinical outcomes after LAMP in patients with CSM.

MATERIALS AND METHODS

Patients and Methods

We conducted a retrospective, observational, single-center
study of posterior decompression with LAMP for the treat-
ment of CSM. The study was conducted with the approval
of the Institutional Ethics Committee of Tokyo Medical and
Dental University (#1681). Patients with cervical myelopathy
caused by spondylosis were included in the study. Exclusion
criteria were myelopathy caused by single-level disc hernia-
tion or ossification of posterior longitudinal ligament, a his-
tory of cervical spine surgery, postoperative epidural hema-
toma, and cases in which preoperative and postoperative
magnetic resonance (MR) images could not be obtained.
Patients who had cervical kyphosis in which the sagittal lor-
dotic angle was greater than 13° were not enrolled in this
study.!® Sixty-one consecutive patients in our hospital who
underwent LAMP for the treatment of CSM between 2000
and 2011 were reviewed. All patients were followed up for

ean = SD

Age at surgery, yr 65.8 £ 9.8
Sex (M:F) 44:17
No. of patients

C3-C7 46

C3-Coé 11

C4-Cé6 1

C4-C7 3
Pre-JOA score 8.6 3.0
Post-JOA score 12532
JOA recovery rate (%) 48.1 = 26.8
Preoperative C2—-C7 lordotic angle (degrees) 17.6 = 14.3
Global sagittal alignment

Lordosis 38

Straight 7

Kyphosis 5

Sigmoid 8

Reversed sigmoid 3
JOA indicates The Japanese Orthopaedic Association.
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more than 2 years. Patient demographic data are shown
in Table 1. The mean patient age was 65.8 years (range:
42-82 yr). The decompression was performed from C3
to C7 in 46 patients, from C3 to Cé in 11 patients, from
C4 to C6 in 1 patient, and from C4 to C7 in 3 patients.
The mean Japanese Orthopaedic Association (JOA) score
before surgery was 8.6 points (range: 3.5-13.5). The mean
JOA score at the final visit was 12.5 points (range: 6.5-16.5),
yielding a mean recovery rate (RR) of 48.1% (range: 0-94.4).
None of these patients presented a worsened neurological
outcome after surgery. The average C2-C7 lordotic angle was
14.3° of lordosis (range, 10.8° of kyphosis to 37.1° of lor-
dosis). Cervical alignment was categorized according to cri-
teria defined by Kamata et al'*" in all patients (Figure 1A).
Regarding alignment, 38 patients were lordotic, 7 straight,
S kyphotic, 8 sigmoid, and 3 reversed-sigmoid. These 61
patients were divided into a lordotic group (n = 38) and a
nonlordotic group (n = 23).

Operative Technique

Expansive LAMP was performed as described by Miyazaki
and Kirita.'® Briefly, this procedure performed at C3-C7
included removing the C4-Cé6 processes, splitting the laminae
at the center, making bilateral gutters from C3 to C6, and fen-
estration at the cephalad portion of the lamina of C7 using a
high-speed air-burr drill. LAMP at C3-Cé6 comprised splitting
the laminae at C3—C6 without fenestration at the C7 laminae.
The laminae were kept open with anchor sutures in the deep
fascia, and small bone chips obtained from the spinous pro-
cesses were inserted into the gap between the laminae and the
facets and into the bilateral gutter. Patients were instructed to
wear a neck collar for 2 to 4 weeks postoperatively.

Evaluations

Clinical Findings

The JOA scoring system'” was used to evaluate the severity
of cervical myelopathy before and after surgery. The RR was
calculated using the method of Hirabayashi ez al'® to compare
pre- and postoperative JOA scores. The duration of preopera-
tive symptoms was also investigated. The segment responsible
for myelopathy was diagnosed on the basis of radiological,
electrophysiological, and neurological findings.

Radiological Evaluations

Radiographical studies were conducted in all patients and
results were evaluated by 2 independent spine surgeons. MR
image was obtained both before and within 3 months after
surgery for all patients. All MR images were obtained on a
1.5-Tesla scanner (Signa HDxt 1.5T; GE Healthcare, Wauke-
sha, WI), and the MRI protocol consisted of the following
conventional MR sequences: sagittal T1-weighted spin-echo
(SE): repetition time (TR)/echo time (TE): 480/9 milliseconds,
spacing 3 mm; sagittal T2-weighted SE: TR/TE: 3000/85 mil-
liseconds, spacing 3 mm; transaxial T1-weighted SE: TR/TE:
460/10 milliseconds; and transaxial T2-weighted SE: TR/
TE: 4020/110 milliseconds. As we previously reported,'? the
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Figure 1. A, Classification of cervical alignment
by Kamata et al.'*'* B, The modified K-line (mK-
line) was defined as the line connecting the
midpoints of the spinal cord at C2 and C7 on
preoperative T1-weighted sagittal magnetic reso-
nance imaging (eft). The interval (INT,) between
the K-line and the most anterior feature of the
spinal canal at each segment was measured (n =
3-6; center). The minimum interval between the
mK-line and the anterior compression-causing
feature of the spinal canal in the midsagittal im-
age was defined as INT_  (center). The interval ¢

between the midpoint of the cord and posterior 60
edge of the anterior factor before and after sur- K}

gery was measured and then the spinal cord shift g’

at each segment was calculated (right). C, A sig- S 40
nificant correlation between the C2-C7 angle on B
magnetic resonance imaging and that on radiog- &
raphy was observed in this series (y = 0.407x + '3)
9.275, y: MRI: C2-C7, x: radiography: C2-C7, T
r’= 0.332; P < 0.01), suggesting that the neck =
position at which magnetic resonance imaging s

A. Preop. interval
\ B. Postop. interval

it
i\ Bn_An

= Posterior cord shift

Cn = (Bn i An) X IOO/An

/\ l\‘

= INT; in}l\ls case

was obtained was similar to the cervical neu-
tral position. MRI indicates magnetic resonance °
imaging. Preop indicates preoperative; Postop,
postoperative.

modified K-line was defined as a line connecting the midpoint
of the spinal cord at C2 (determined at the level of the infe-
rior endplate) to that at C7 on T1-weighted MR image (mK-
line; Figure 1B, left). This line is different from the K-line that
connects the midpoints of the spinal canal at C2 and C7 on
the basis of conventional lateral radiography.” The interval
(INT ) between the mK-line and the anterior factor of the
spinal canal, such as disc bulging or a bony spur, at each seg-
ment (n = 3-6) was measured before surgery. The sum of
the measured intervals (INT ) was then calculated for each
patient (Figure 1B, center). In addition, INT _ was defined
as the lowest INT in each case, as we prev1ously reported!?
(Figure 1B, center) and was also collected for each patient.
The pre- and postoperative INT_ at each segment from C3
to C6 were measured on sagittal T1-weighted MR image to

Spine

X-ray C2-C7 angle

evaluate the actual migration of the spinal cord, which was
defined as C = (B,—A ) X 100/A_(n = 3-6; A_and B_ rep-
resent the preoperative and postoperative INT , respectively,
Figure 1B, right). To evaluate the global posterior migration
of the spinal cord, we calculated C  =C,+C,+C+C, and
then analyzed the relationship between preopcratlve INT
and C_(n = 3-6) to determine whether the mK-line could
predict a postoperative shift in the spinal cord. The presence
of signal intensity changes in the cord was also evaluated on
sagittal view T2-weighted MR images of each patient. In pre-
operative radiography, the cervical sagittal alignment (C2-C7
lordotic angle), determined from tangential lines drawn on
the posterior edges of the C2 and C7 bodies, was measured
on mid-sagittal MRI and on X-rays obtained in the cervi-
cal neutral position to determine whether the neck position
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on MRI was similar to the cervical neutral neck position on
radiography.

Statistical Analysis

Student unpaired ¢ test was used to evaluate the differences in
each parameter between the lordotic and nonlordotic groups,
except for the RR of the JOA score, INT_,INT . and C_,
for which the Mann-Whiney U test was used. A cross-corre-
lation analysis was used to evaluate the correlation between
INT and C_ at each segment. A linear regression analysis was
used to investigate whether INT  was correlated to C_or
the RR of the JOA score. All data are expressed as the mean
+ SD. P value of less than 0.05 was defined as statistically

significant.
RESULTS

Sagittal Cervical Alignment Measured by MRI
Significantly Correlates With That Measured by
Radiography

Prior to investigation of the relationship between the mK-line
determined by MRI and the shift in the spinal cord or clini-
cal outcome, we determined whether the sagittal alignment
measured by MRI (MRI, C2-C7) agreed with that measured
by neutral radiography (C2-C7) in each case. There was a sig-
nificant correlation between MRI, C2-C7 and radiography,
C2-C7 in this series (y = 0.407x + 9.275; y: MRI, C2-C7; x:
radiography, C2-C7; = 0.332; P < 0.01, Figure 1C). This
result suggests that the neck position at which MR image was
obtained was similar to the cervical neutral position.

Anticipated Cord Shift Calculated Using the mK-line
Significantly Correlates With Actual Posterior Cord
Shift

Table 2 shows the values for INT and C_(Figure 1B, right) at
each segment in all patients (n = 3-6). The maximum inter-
val was 7.3 mm at the C4 level. The average INT_  value
was 27.5 mm. Similarly, the maximum posterior cord shift
was 30.3% at the C4 level and the average C was 99.3%.
Cross-correlation analysis demonstrated significant similarity
between the waveform distribution of INT, and that of C,
(R = 0.889, P < 0.05; Figure 2A).

INT__ Predicts the Posterior Shift of the Spinal Cord in
Lordotic But Not in Nonlordotic Patients

There were no significant differences in age, ratio of males,
preoperative JOA score, RR of JOA score, posterior shift of
the whole spinal cord, positive ratio of the presence of signal
intensity changes in the spinal cord, or incidence of C$ palsy
between the lordotic and nonlordotic groups (Table 3). How-
ever, we found that patients in the lordotic group had a higher
preoperative lordosis angle, INT , and INT _ than patients
in the nonlordotic group (Table 3). In addition, INT,_  was
associated with %C,_ only in the lordotic group (y = 4.527x
~ 3648,y = %C_, x = INT,_, #= 0.1333, P < 0.05;
Figure 2B); there was no significant correlation between
INT_  and C_  in the nonlordotic group (data not shown).

sum
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t | Interval (mm
c3 6.5=2.6 17.9 + 26.8
C4 7.3 % 3.1 303 *31.5
Cs 6.9 %27 28.9 +33.9
C6 6.8=22 22.2+316
Total INT_ =27.5+9.0 C..=99.3 + 83.7

*Data are expressed as the mean = SD.

INT,, indicates the sum of the intervals between the K-line and the anterior
feature of the spinal canal at each segment (C3-C6); C,: (B —A ) X 100/A,
(n = 3-6; A and B represent the preoperative and postoperative intervals
between the midpoint of the spinal cord and the anterior impingement at
each segment from C3 to C6 levels); C, , the sum of C3, C4, C5, and Cé6.

INT__ Is Not a Predictive Factor for Postoperative
Clinical Outcome After LAMP

To evaluate the relationship between anticipated postop-
erative cord shift determined from preoperative MRI and
clinical outcomes, we analyzed a linear regression model
for INT and the RR of the JOA score in each group. The
linear regression analysis indicated no significant correlation
between INT  and the RR of the JOA score in both groups
(data not shown).

INT . Can Predict Clinical Outcome in Nonlordotic
Patients

It is important for spine surgeons to predict postoperative
clinical outcomes, particularly in patients with cervical mis-
alignment such as kyphotic or sigmoid alignment, before
selecting a surgical procedure for the treatment of CSM. As
several studies have reported,?* age, duration of symptoms,
and the presence of signal intensity changes in the spinal cord
observed on T2-weighted sagittal MR image are risk factors
for poor outcome after surgical treatment. Although we did
not find significant associations between clinical outcome and
either age or duration of preoperative symptoms using lin-
ear regression models, we observed that the RR in patients
older than 75 years was poorer than that in younger patients
in both groups (data not shown). In addition, because most
of the patients presented high signal intensity changes in the
spinal cord on T2-weighted imaging in both the lordotic and
nonlordotic groups, we were not able to analyze whether the
signal intensity change in the spinal cord was associated with
poor clinical outcome in this series.

Next, we focused on INT _, which has been shown to
be a powerful tool to predict residual anterior impingement
of the spinal cord after LAMP,? for potential prediction of
postoperative neurological outcome in nonlordotic patients.
Although INT _ was not associated with the RR of the JOA
score in lordotic patients (data not shown), it was significantly
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Figure 2. A, The maximum interval was 7.3 mm at the C4 level, and the
maximum posterior cord shift was 30.3% at the C4 level. Cross-corre-
lation analysis demonstrated significant similarity between the wave-
form distribution of INT_and that of C_ (R = 0.889, P < 0.05). B, INT

was significantly correlated with C__in only the lordotic patient groajg
(y =4527x — 3648,y =C

x = INT__, r’=0.1333; P < 0.05).

sum’ sum/

and positively correlated with the RR in nonlordotic patients
(y = 6.347x + 22.36, y = JOA score RR, x = INT,, =
0. 2491, P < 0.05; Figure 3). Based on this analysis, an RR
higher than 50% requires INT _ of greater than 4.4 mm in
nonlordotic patients.

Case Presentation

A 68-year-old male presented with bilateral hand numbness
and clumsiness. Preoperative sagittal MR image showed that
an anterior feature at the C3-C4 level was related to local
kyphosis on sigmoid alignment (Figure 4, left). Although he
received LAMP for multisegmental stenosis, postoperative
compression of the dural sac and anterior spinal cord existed
at the C3—C4 level on MR image (Figure 4, right). Although
INT was22.2 mm, which was higher than the average value
in the nonlordotic group, the preoperative INT . was 1.7 mm
at the C3-C4 level. The JOA score recovered by 33.3% and
the persistent numbness of both upper extremities remained
even after surgery; therefore, an anterior procedure or poste-
rior decompression with corrective fusion should have been
applied in this case.

DISCUSSION
LAMP has been reported to be effective, relatively low cost,
minimally invasive, and safe for the treatment of patients with
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Figure 3. A significant positive correlation between INT__ and the re-
covery rate of the JOA score was confirmed (y = 6.347x + 22.36, y
= JOA score recovery rate, x = INT ., 2 = (. 2497; P < 0.05). JOA
indicates The Japanese Orthopaedic Association.

multilevel spondylosis or ossification of the posterior longi-
tudinal ligament."** However, undesirable outcomes after
LAMP can be caused by residual anterior compression of the
spinal cord resulting from preoperative cervical misalignment
and progression of kyphosis or loss of lordosis. The resulting
pathology often reduces the quality of life and may require
secondary surgery. Therefore, it is necessary to determine
the factors that limit the efficacy of posterior decompression.
In the current study, we optimized new indices, INT  and

sum

INT, , on the basis of the mK-line and evaluated whether
they could be useful for surgical treatment decisions.

We found that the interval between the mK-line and the
anterior feature of the spinal column, that is, INT  on preop-
erative MRI, was closely associated with the actual posterior
cord shift at each vertebral level after LAMP. Furthermore,
we showed that both INT, —and INT . were significantly
higher in the lordotic group than in the nonlordotic group.
These findings are consistent with the frequent observation
of anterior clearance of the spinal cord in patients with a lack
of cervical lordosis, thereby suggesting that the mK-line may
be useful to evaluate impingement of the spinal cord by the
anterior feature of the spinal column.

Furthermore, we quantified the posterior shift of the whole
spinal cord as INT  for prediction of postoperative clinical
outcome. Baba et al”? previously showed that the magnitude
of posterior cord migration after LAMP was significantly cor-
related with postoperative neurological outcome. In the cur-
rent study, the anticipated cord migration, defined as INT_ ,
was not associated with the RR of the JOA score. However,
because patients with INT,__of 20 mm or greater tended to
achieve better outcomes than patients with INT_  of less than
20 mm, INT  may be useful for prediction of clinical and
radiological outcomes.

We also investigated the relationship between the segment
responsible for the myelopathy and the level at which INT,
was measured. Indeed, the level at which INT . was observed

did not always correspond to the segment responsible for the
E1265
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Lordotic Group (n Nonlordotic Group (n =

Age, yr 67.8 = 9.0 67.7 = 11.0 ND
Male (%) 65.8% 82.6% ND
Duration of symptoms, mo 11.8 125 13.9 % 10.9 ND
Preoperative JOA score 82*%32 8.5+ 33 ND
Postoperative JOA score 125 *35 12.0x29 ND
Recovery rate of the JOA score 51.6 = 26.6 422 *27.4 ND
Preoperative C2-C7 lordotic angle (degrees) 25.1 = 12.1 52 %80 <0.01
INTsum 315 7.1 20.8 = 8.1 <0.01
INT . 627 19 338 = 2.1 <0.01
Posterior shift of the whole spinal cord (C_ ) 113.3 £ 95.8 77.2 £56.6 ND
Positive ratio of signal intensity change in the spinal cord (%) 94.7 82.6 ND
Segment responsible (cases)

C3-C4 10 5 ND

C4-C5 12 8 ND

C5-Cé6 16 9 ND

C6-C7 0 1 ND
Incidence of C5 palsy 2 cases/5.3% 2 cases/8.7% ND
*Data are expressed as the mean + SD.
ND indicates no significant difference; JOA, The Japanese Orthopaedic Association; INT__, sum of the intervals between the K-line and the anterior element of
the spinal canal at each segment (C3-C6); INT,__, the minimum interval between the preoperative modified K-line and the anterior impingement on midsagittal
imaging; C, (B,—A,) X 100/A, (n = 3-6; A and B , represent the preoperative and postoperative intervals between the midpoint of the spinal cord and the
anterior impingement at each segment from C3 to C6 levels); C, sy SUM of C3, C4, C5, and Cé.
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Figure 4. Preoperative magnetic resonance imaging
shows that anterior compression at the C3-C4 level is
caused by local kyphosis on sigmoid alignment. In this
case, INT__and INT__ were 22.2 mm and 1.7 mm,
respectively (lef). Postoperative magnetic resonance
imaging demonstrates that anterior compression of the
dural sac and anterior spinal cord remained at the C3—
C4 level even after posterior decompression (right).
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Figure 5. Summary of this study. Although INT__ was .
associated with the magnitude of posterior cord shift- ~Predictable
ing after laminoplasty in patients with lordotic align- or
ment, it was not a predictive factor for postoperative Not?
clinical outcome. In contrast, INT _was significantly
correlated with postoperative neurological improve-
ment in patients with nonlordotic alignment, whereas
there was no association between INT__and the degree
of posterior cord shifting. JOA indicates The Japanese
Orthopaedic Association.

Sagittal
alignment

myelopathy diagnosed by electrophysiology; in 10 patients,
the segment responsible for myelopathy was typically C4~
CS or C5-C6, whereas the level with the highest compres-
sion was C3-C4 or C6-C7. Two of these 10 patients could
not obtain sufficient cord migration at the C3~C4 level and
thus obtained unsatisfactory outcomes. In such cases, it is still
important to pay attention to the level with the highest com-
pression, although it is not diagnosed as the causative seg-
ment by electrophysiologic and neurological findings, because
residual cord compression in the noncausative segment still
contributes to the myelopathic symptomatology.and is thus a
risk factor for myelopathic deterioration after LAMP.

In addition, we also investigated whether the anticipated cord
migration could predict the onset of C5 palsy, which is a major
complication after LAMP> and for which excessive posterior
cord shift has been considered as a possible cause. However, we
did not observe a significant association between the degree of
posterior cord shifting and the incidence of C5 palsy. Previous
reports have suggested various other causes for C5 palsy after
LAMP, including (1) nerve root traction caused by posterior spi-
nal cord shifting,? (2) anatomical stenosis of the C5 foramen,*”
(3) spinal cord ischemia caused by decreased blood supply from
radicular arteries,® (4) laminar width of decompression,” and
(5) segmental spinal cord disorder.>>* These factors may con-
tribute to the onset of postoperative CS palsy in a complex
manner, and it may, therefore, not be possible to predict the C5
palsy by only measuring the anticipated cord shift.

The relationship between cervical kyphotic alignment and
postoperative clinical outcomes after LAMP is controversial.
Suda et al'’ reported that LAMP is not effective for patients
with global kyphosis greater than 13° and no signal change on
T2-weighted MR image. Uchida ez al’! suggested that correc-
tion of local sagittal alignment should be attempted in patients
with kyphotic deformity greater than 10° to maximize neuro-
logical improvement. Thus, because excessive kyphotic align-
ment has been recognized as a risk factor for poor outcomes
after posterior decompression over the last decade, many
studies have recommended that anterior decompression or
posterior decompression with fusion should be applied to
such misalignment cases.”'*3!

However, Kaptain et al** investigated 46 patients with
CSM and concluded that clinical outcome does not usually
correlate with preoperative sagittal alignment. This report
is consistent with mounting evidence that neurological

Spine

Posterior shift
of spinal cord

Posterior shift
of spinal cord

Recovery rate
of JOA score

Recovery rate
of JOA score
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improvement is influenced by not only global kyphosis but
also anterior compression of the spinal cord, which seems
to lead to a lack of decompression at the ventral aspect of
the spinal cord.”''3?} Given these 2 morphological fac-
tors, it is important to evaluate the physical relationship
between the spinal cord and the anterior impingement that
may be causing the compression prior to surgical treat-
ment. In addition, spine surgeons should predict postop-
erative clinical outcomes before selecting a surgical pro-
cedure for the treatment of CSM particularly in patients
with cervical misalignment. This study demonstrated that
neurological improvement after LAMP in patients with
nonlordotic alignment was significantly correlated with
INT . but not with INT__ (Figure 5). Therefore, neurologi-
cal improvement in patients with misalignment may require
a sufficient posterior cord shift at only the most compressed
segment rather than throughout the entire spinal cord.

The limitations of this study include its retrospective
nature and relatively small cohort size. In the present study,
we divided the patients into only 2 groups and showed that
INT, = significantly predicted postoperative outcome; how-
ever, it may be possible to categorize a larger patient pool into
S different alignments to determine the relationship between
our new index and clinical outcomes in each alignment type.
With regard to neck position, although our patients were
instructed to maintain a neutral position, this was not usually
possible during MRI; however, because all patients followed
the same radiographical protocol and alignment on MRI was
significantly correlated with alignment measured by neutral
radiography, the lack of neutral position does not affect the
findings of this study. We, therefore, suggest that INT . can
help spine surgeons to decide whether LAMP should be per-
formed in patients with nonlordotic alignment.

> Key Points

O Patients who underwent LAMP for the treatment
of CSM were divided into lordosis and nonlordosis
groups, and we investigated whether anterior.
clearance of the spinal cord measured on mK-line
plays role for predictive factors of postoperative
spinal cord migration and clinical outcome in this
study. ,
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O Anterior clearance of global spinal cord (INT, )
tends to be associated with the posterior shift of
the spinal cord in patients with lordotic alignment
but not in patients with nonlordotic alignment.

0 INT_ . was not associated with clinical outcome in
either lordosis group or nonlordosis group.

U Alinear regression analysis showed that
anticipated anterior clearance at the most
compressive segment (INT . ) was a significant
predictive factor for postoperative clinical
outcome in patients with nonlordotic alignment.
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ABSTRACT

Underlying vascular disease is an important pathophysiologic factor shared among many co-morbid conditions
associated with poor fracture healing, such as diabetes, obesity, and age. Determining the temporal and spatial
patterns of revascularization following a fracture is essential for devising therapeutic strategies to augment
this critical reparative process. Seminal studies conducted in the last century have investigated the pattern of
vascularity in bone following a fracture. The consensus model culminating from these classical studies depicts
a combination of angiogenesis emanating from both the intact intramedullary and periosteal vasculature. Subse-
quent to the plethora of experimental fracture angiography in the early to mid-20th century there has been a
paucity of reports describing the pattern of revascularization of a healing fracture. Consequently the classical
model of revascularization of a displaced fracture has remained largely unchanged. Here, we have overcome
the limitations of animal fracture models performed in the above described classical studies by combining
novel techniques of bone angiography and a reproducible murine femur fracture model to demonstrate for the
first time the complete temporal and spatial pattern of revascularization in a displaced/stabilized fracture.
These studies were designed specifically to i) validate the classical model of fracture revascularization of a
displaced/stabilized fracture, ii) assess the association between intramedullary and periosteal angiogenesis and
iii) elucidate the expression of VEGF/VEGF-R in relation to the classical model. From the studies, in conjunction
with classic studies of angiogenesis during fracture repair, we propose a novel model (see abstract graphic)
that defines the process of bone revascularization subsequent to injury to guide future approaches to enhance
fracture healing. This new model validates and advances the classical model by providing evidence that during
the process of revascularization of a displaced fracture 1) periosteal angiogenesis occurs in direct communication
with the remaining intact intramedullary vasculature as a result of a vascular shunt and 2) vascular union occurs
through an intricate interplay between intramembranous and endochondral VEGF/VEGF-R mediated angiogenesis.

© 2014 Elsevier Inc. All rights reserved.

Introduction

increasing incidence of comorbid conditions commonly associated
with non-union, such as obesity, diabetes, and age suggests that the

Fracture is arguably the most common medical condition treated rate of non-union will only continue to rise [9-13]. In addition to sub-

by orthopedic surgeons, with over 5 million fractures treated annually
in the United States alone [1]. Between 2.5 and 10% of these fracture
cases are complicated by delayed union or non-union [2-8]. The
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8756-3282/© 2014 Elsevier Inc. All rights reserved.

stantial morbidity for patients, these complications impose a significant
cost burden on the health care system. Thus, there are considerable
ongoing efforts to develop novel methods of fracture fixation and/or
application of bone-inducing biological agents to stimulate fracture
healing. Given that angiogenesis is a requisite for fracture healing
[14-19] and that vascular dysfunction is common to many comorbid
conditions associated with poor fracture healing [20-24], it has been
hypothesized that a primary cause of delayed union or non-union is
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impaired angiogenesis. A necessary step in developing approaches to
augment angiogenesis during fracture repair is the identification of the
temporal and spatial patterns of vascularization following an injury.

Semninal studies conducted in the last century have investigated the
pattern of vascularity in bone following a fracture. Investigations by
Kolodny [25], Teneff [26] and Gothman [27] suggest a model in which
the dominant source of fracture revascularization is the periosteum
and other extra-osseous vascular sources such as adjacent skeletal mus-
cle, Conversely, Ladanyi and Trueta discovered patterns of revasculari-
zation that apparently contradicted this model by demonstrating the
essential nature of the intramedullary vasculature in revascularization
of a fracture [28,29]. In a series of papers published in the 1960s, this
controversy was revisited by Rhinelander who showed that the mecha-
nism of revascularization was dependent on the type of experimental
fracture model employed [30,31]. He made a key observation that in
non-displaced fractures, the intramedullary vascularity reunited rela-
tively early, without development of a significant periosteal component
(so-called primary bone healing through “trans-medullary revasculari-
zation™). However, a different pattern of revascularization was observed
in fractures with significant displacement, even with subsequent reduc-
tion and stabilization. In the displaced fracture model, initial formation of
new periosteal vasculature was followed by intramedullary revasculari-
zation (so-called secondary bone healing or “trans-periosteal revascular-
ization”). Thus, Rhinelander's work resolved the apparent discrepancy
by showing that different mechanisms of revascularization are employed
in different experimental models (displaced vs. non-displaced fractures).
The consensus model of revascularization of a displaced fracture
culminating from these classical studies depicts a combination of angio-
genesis emanating from both the intact intramedullary and periosteal
vasculature.

Subsequent to the plethora of experimental fracture angiography
in the early to mid-20th century there has been a paucity of reports
describing the pattern of revascularization of a healing fracture. Conse-
quently the classical model of revascularization of a displaced fracture
has remained largely unchanged. Determination of the molecular ele-
ments responsible for and the pattern of revascularization following
a fracture are essential for targeting and augmenting discrete events
during fracture healing. Importantly, key elements of fracture revascu-
larization were unclear following the development of this model.
Specifically, the association of angiogenesis in the intramedullary and
periosteal space was unknown. It was hypothesized, that fracture
angiogenesis in these anatomically distinct compartments occurred
independently and only formed an anastomosis in the later stages of
fracture healing [31]. It was proposed that intramedullary angiogenesis
occurred as a result of direct vascular growth from the remaining intact
intramedullary vascularity and periosteal angiogenesis occurred as a
result of direct vascular growth from the surrounding musculature.
Additionally, the factors directing vascular union were unknown as
vascular endothelial growth factor (VEGF) and its receptors (VEGF-R)
had yet to be discovered [32]. Thus, the molecular patterning leading
to vascular union has not been incorporated into this classical model.
In addition to these unanswered questions, the principle reason for
the lack of advancement in this field has been critical methodological
restraints prohibiting high throughput animal studies on fracture
vascularity. Specifically, the classical models were performed primarily
in relatively cost-inefficient larger animal models without the benefit
of axial imaging allowing for detailed evaluation of fracture related
angiogenesis.

Here, we have overcome the limitations of animal fracture models
performed in the above described classical studies by combining novel
techniques of bone angiography and a reproducible murine femur
fracture model to demonstrate for the first time the complete tempo-
ral and spatial pattern of revascularization in a displaced/stabilized
fracture. These studies were designed specifically to i) validate the
classical model of fracture revascularization of a displaced/stabilized
fracture, ii) assess the association between intramedullary and periosteal

angiogenesis and iii) elucidate the expression of VEGF/VEGF-R in relation
to the classical model.

From the studies, in conjunction with classic studies of angiogenesis
during fracture repair {25,26,28,30,31,33-43], we propose a novel
model (see abstract graphic) that defines the process of bone revascu-
larization subsequent to injury to guide future approaches to enhance
fracture healing. This new model validates and advances the classical
model by providing evidence that during the process of revasculariza-
tion of a displaced fracture 1) periosteal angiogenesis occurs in direct
communication with the remaining intact intramedullary vasculature
as a result of a vascular shunt and 2) vascular union occurs through
an intricate interplay between intramembranous and endochondral
VEGF/VEGF-R mediated angiogenesis.

Materials & methods
Murine fracture model and X-ray imaging

Protocols were approved by the Vanderbilt University IACUC.
Open femur osteotomies were performed and fixed as previously de-
scribed using a medial approach to the mid-shaft femur of 8 week old
¢57/b6 mice. The fracture was fixed through the placement of a 23-G
(0.6414 mm) retrograde intramedullary pin and the mice were exam-
ined from 7 to 42 days after fracture [44]. X-ray was performed as previ-
ously described [45]. Briefly, the mice were placed in the prone position
and imaged for 4 s at 45 kV using a Faxitron LX 60. The mice were
sacrificed at various time points (7-42 days) following a fracture.

Angiography

Perfusion with Microfil (MV-122 Flow Tech Inc,, Carver, MA) vascu-
lar contrast was conducted as previously described [46-49]. Briefly, the
mice were euthanized, positioned supine and a thoracotomy extending
into a laparotomy was performed. The left ventricle of the heart was
cannulated using a 25-G butterfly needle. The inferior vena cava (IVC)
was transected proximal to the liver and the entire vasculature subse-
quently perfused with 9 ml of warm heparinized saline (100 units/ml
in 0.9% saline) through the left ventricle cannula to exsanguinate and
anticoagulate thus preventing erythrocyte aggregation and thrombosis
thereby promoting consistent perfusion of subsequent infusion mate-
rials. Exsanguination and anticoagulation was deemed complete upon
widespread hepatic blanching with clear fluid extravasating from the
IVC. The mice were then perfused with 9 ml of 10% neutral buffered for-
malin followed by 3 ml of Microfil (Flow Tech inc. Carver Massachusetts)
vascular contrast polymer. To best verify complete filling of the vascula-
ture gross images of the liver (Supplemental Fig. 1a), the last organ to be
perfused prior to extravasation through the IVC, was examined for extra-
vascular pooling. The mice were excluded from the study if complete
hepatic blanching prior to Microfil was not achieved, if contrast was
not clearly or uniformly visible in the hepatic vasculature or if extra-
vascular pooling occurred. Inspection of hepatic perfusion revealed no
differences between manual and infusion pump perfusion set at a con-
stant rate of 0.5 ml/min (Supplemental Fig. 2a). Manual filling was
conducted at a goal rate approximately equal to the pump rate.

Generation of angiogram images

The mice perfused with Microfil were then stored overnight at 4 °C
to allow the vascular contrast to polymerize. The femurs were dissected
and fixed in 4% PFA for another 24 h. X-rays of the samples were then
taken to visualize the femur and the vascular contrast (Supplemental
Fig. 1b). The femur was placed in 0.5 M EDTA pH 8 for decalcification
then imaged via X-ray (Supplemental Fig. 1c). The muscles surrounding
the femur were removed, and the leg was photographed and X-rayed
(Figs. 1d & e). Demineralized specimens were imaged by pCT (uCT40,
Scanco-Medical-AG, Bassersdorf, Switzerland) with a 20 um isotropic



210 M. Yuasa et al. / Bone 67 (2014) 208-221

No Fracture Fracture Intact
with pin without pin Femur

Fracture
with pin

0.000 mm 0.180

0.000 ym 0.180

B
0.000 ,m 0180

R
Intramedullary
Vasculature

Tl Axial

Pin

Fig. 1. Fracture and/or intramedullary reaming produce a segmental avascular diaphyseal segment. (a) Femnoral angiography reveals larger unbranched vasculature within the diaphysis
and smaller branched vasculature within the proximal and distal metaphysis. (b) Immediately following a fracture (yellow arrow) angiography demonstrates a segmental diaphyseal
avascular segment approximately 1 mm proximal and distal to the injury without disruption of the metaphyseal vasculature. (c) Reaming and pin placement alone and (d) fracture
with reaming and pin placement produce a similar diaphyseal avascular segment without disruption of the metaphyseal vasculature. (e) Two-dimensional slices from pCT demonstrate
that the intramedullary pin does not prevent diaphyseal intramedullary vasculature (red arrows). Vessel diameter demarcated by color (0 and 0.18 mm) in all figures.

voxel size. A Scanco-Medical evaluation script was applied to render the
vasculature with colors corresponding to vessel diameter between 0
and 0.18 mm. These vascular images were integrated into the initial
X-rays by matching size and orientation using Adobe Photoshop (San
Jose, CA) (Supplemental Figs. 1f-h). Quantitation of liver vasculature
also demonstrates no difference in vessel volume, number, or branching
(Supplemental Fig. 2b) which in combination our gross observations
indicates consistent filling of the vessels with angiogram contrast.

Histology

Histologic sections prepared from PFA-fixed, demineralized in 0.5 M
EDTA (pH 7.2) and paraffin-embedded specimens were cut on to slides
in 5 pm sections. The slides were then deparaffinized and hydrated for
use in immunohistochemistry or histological staining (Safranin-O stain).
The sections were stained with Safranin-O/Fast green (Safranin-O) as pre-
viously described [46]. Briefly the slides were placed in Weigert's hema-
toxylin for 10 min, washed in running tap water and then stained with
0.1% fast green solution for 5 min. The slides were then rinsed for 5 s in
1% acetic acid and placed in 0.1% safranin and orange solution for 5 min.
The slides were then dehydrated and coverslip for light microscopy.

Immunofluorescence microscopy

After, the slides were deparaffinized and hydrated. Sodium citrate
antigen retrieval was performed using 0.1 M citric acid and 0.1 M sodi-
um citrate. The slides were heated for 2 min in the microwave, cooled to
room temperature and then washed gently with Tris buffer saline (TBS).
The slides were blocked (5% BSA solution containing 10% goat serum)
and immunostained with anti-mouse VEGF-A (1:200, Abcam 46154,

Cambridge, MA), VEGFR2 goat anti-mouse (1:50, R&D systems AF644)
or an rabbit anti-mouse VEGFR1 (1:100, Abcam 32152) antibody
overnight at 4 °C. The slides were then washed and incubated with
10 pg/ml of Alexa Fluor 647-labeled anti-rabbit antibody (Life Technol-
ogies 792514, Grand Island, NY) in blocking buffer for 1 h. The slides
were counterstained with DAPI and cover slipped using mounting solu-
tion (PolySciences Warrington, PA) and fluorescent images were taken
(NIKON AZ100, Upright wide field microscope). The slides incubated
without primary antibodies served as negative controls.

Quantification of soft and hard tissue callus size

Soft tissue callus delineated by safranin-O red staining was traced on
5 histological step-sections 200 pum apart as previously described with
the following changes [50]. To determine the orientation of the 5 slides,
the edge of the callus was visualized by identifying the first section with
callus on both the medial and lateral femoral cortex and the middle of
the callus was determined by the pin space. Each of the specimens' 5
sections were measured by 4 blinded reviewers and results were then
expressed as mm? the soft tissue callus area. Hard tissue callus size
was measured from radiographs of fractured femurs as previously
described [45]. Briefly the mice were placed in the prone position and
an X-ray was taken. The total area of the mineralized callus was deter-
mined each week by tracing the area of the fracture callus on X-rays
by 2 reviewers and results were then expressed as mm? the hard tissue
callus. Image quantification for both the soft and hard tissue calluses
was performed using the software program Image] (NIH, http://rsb.
info.nih.gov/ij/). Trend lines were generated between the data points
using a spline curve and GraphPad prism.
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Quantification of vasculature

Vessel volume was determined by pCT on the fracture callus of the
demineralized femurs perfused with angiogram contrast. A cylinder
comprised of 250 slices with a 20 um isotropic voxel size was placed
over the fracture callus to define the volume of interest. A threshold of
122 (lower) and 1000 (upper) was applied for segmentation with
Gauss sigma of 0.8 and a gauss support of 2 to reduce the noise. Vessel
volume (TRI BV) was then evaluated using Scanco pCT standard algo-
rithms and graphed. Spline trend lines were generated between the
data points using a spline curve function in GraphPad Prism 6.

Sources of funding

Caitlin Lovejoy Fund, NIH (S10 RR027631), and the Musculoskeletal
Transplantation Foundation.

Results
Fracture and/or reaming disrupt diaphyseal intramedullary vascularity

Consistent with previous reports [51], the vasculature of the femoral
mid-diaphysis is composed primarily of larger intramedullary vessels
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Fig. 2. Vascular development relative to soft tissue and hard tissue callus formation in a displaced, stabilized fracture. (a) Safranin-O-staining, radiographs, and angiograms were performed
on fractured femurs at specified intervals following a fracture to elucidate the temporal and spatial development of the fracture callus and associated vasculature (high power images, b).
Representative images are shown: quantitative measurements of the hard and soft tissue calluses and fracture vasculature are provided in Table 1 and Fig. 3. Prior to fracture (no fracture)
the mid-diaphyseal segment is composed of intact cortical bone (yellow arrowhead on Safranin-O and radiograph) with intact intramedullary vasculature (red arrow on angiogram).
7 days post fracture (7-DPF), disruption of the intramedullary vascular system (yellow box on angiogram) is accompanied by the development of chondroid tissue within the avascular
zone of the healing fracture (red staining on Safranin-O, orange bracket) without obvious development of hard tissue callus by radiographic examination. By 10 days post fracture
(10-DPF), the soft tissue callus has grown to its maximal size (orange bracket on Safranin-O) and is largely limited to the avascular regions of the healing fracture. Small, newly formed
vessels are observed (red arrows on angiogram) proximal and distal to the avascular soft tissue callus. These new vessels seem to arise directly from intact intramedullary vessels. Radio-
graphs reveal initial formation of hard tissue callus 10 days post fracture (white arrows X-ray) overlying areas of developing vascularity, but not within avascular soft tissue callus (orange
brackets). 14 days post fracture (14-DPF), newly formed extramedullary vasculature rapidly extends from the proximal and distal aspects of the fracture callus toward the center of the
fracture callus (red arrows on angiogram). As the vascular network develops, the soft tissue callus is replaced by hard tissue callus (white arrows on Safranin-O and on X-ray). By 21 days
post fracture (21-DPF) the fracture callus has been completely bridged by vascular anastomosis (red arrows on angiogram) which occurs contemporaneously with complete resorption
of the soft tissue callus and union of hard tissue callus (white arrows on Safranin-O and X-ray). Fracture callus undergoes vascular remodeling (angiogram) together with remodeling of
the hard tissue callus during the next 14 days (28-DPF through 42-DPF), restoring the femoral diaphysis to its original form. (b) Higher power magnification of the fracture callus. Images
are representative sections from for each time group (n = 5). Vessel diameter demarcated by color (0 and 0.18 mm) in all figures.
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with few branching points. In contrast, the proximal and distal me-
taphysis is composed of multiple intramedullary vessels significantly
smaller and with many more branching points than the diaphysis
(Fig. 1a). Upon fracture the diaphyseal vascularity is disrupted at
the fracture site whereas the proximal and distal metaphyseal vascu-
larity remain intact resulting in a segmental loss of intramedullary
vascularity approximately 1 mm proximal and distal to the insult
(Fig. 1b) without significant disruption of metaphyseal vascularity.
A similar pattern of metaphyseal sparing segmental diaphyseal avascu-
larity occurs following an intramedullary reaming and pin stabilization
without (Fig. 1c) or with (Fig. 1d) fracture. pCT angiography confirms
that the 23-G intramedullary pin utilized to stable the fracture permits
revascularization through the intramedullary compartment of the
diaphysis (Fig. 1e).

Vascular development relative to soft tissue and hard tissue callus in a
displaced fracture

Safranin-O-staining, radiographs, and angiograms of fractured
femurs elucidates the temporal and spatial development of the fracture
callus and associated vasculature (Fig. 2a). Seven days post-fracture
(7-DPF), the diaphyseal intramedullary vasculature remains disrupted,
resulting in an avascular femoral segment flanked proximally and
distally by intact intramedullary vasculature. Radiographic and histo-
pathologic examination shows formation of a cartilaginous soft tissue
callus without evidence of osteoid formation within this avascular
zone. The soft tissue callus rapidly enlarges to its maximal size by 10-
DPF. Simultaneously, hard tissue callus is initially formed via intra-
membranous ossification at the extreme proximal and distal aspects
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of the fracture site, where the periosteum inserts on unaffected adjacent
cortical bone. This process occurs in conjunction with the formation of
small highly branching extramedullary vessels (10-DPF). As hard tissue
callus replaces soft tissue callus (14-DPF), it is accompanied by an ex-
pansion of newly formed vasculature. Spatially, the regions of vascular
expansion begin at the proximal and distal aspects of the fracture site
and migrate centrally toward the soft tissue callus. Vascular ingrowth
continues until anastomoses are developed, coinciding with complete
dissolution of soft tissue callus and formation of bridging hard tissue
callus (21-DPF). Following a vascular anastomosis and bridging of
hard callus across the fracture site, the fracture callus remodels back
to within the original cortices coinciding with the vasculature returning
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Fig. 3. Quantitation of vascular development relative to soft tissue and hard tissue callus in
a displaced fracture. (a) Quantification of the soft tissue callus identified by Safranin-O
staining reveals significant development of cartilage at 7-14-DPF relative to 42-DPF
with maximum area at 10-DPF (hashed line). Soft tissue callus was last detected at 21-
DPF. (b) Quantification of hard tissue callus identified by X-ray reveals the first significant
new bone development which occurs at 10-DPF with maximum size between 14 and 21-
DPF (gray zone). Hard tissue callus size subsequently remodels, decreasing in size, to its
original pre-fracture size by 42-DPF. (c) Quantification of vessel volume identified by
UCT of decalcified angiograms reveals an initial loss of vascularity with subsequent
increase initiating at the time of maximum soft tissue callus and reaching maximum vessel
volume between 14 and 21-DPF. Vessel volume then reduces from 21 to 42-DPF near
the pre-fracture diaphyseal vessel volume. All samples were evaluated from 7 to 42 days
following a fracture and trend lines were generated using a spline curve fit. Dotted line
denotes the maximum soft tissue callus size and gray zone denotes the maximum hard tis-
sue callus size. Statistical analyses of soft tissue callus, hard tissue callus, and vessel volume
were performed using non-parametric ANOVA with a Dunn's multiple comparison test.
Significance (p value < 0.1) is denoted by asterisk and all error bars represent standard
error of the mean. For statistical analysis of the soft tissue callus all values were compared
to 21-DPF. For statistical analysis of the hard tissue callus all values were compared to 42-
DPF. For statistical analysis of vessel volume all values were compared to un-fractured
femora. See Table 1 for more details.

to larger vessels with reduced branching (28-42-DPF). Higher power
views of the fracture callus are presented in Fig. 2b.

Quantitation of angiogenesis relative to soft tissue and hard tissue callus in
a displaced fracture

Relative to hard tissue callus and vascularity, the soft tissue callus is
the fastest developing matrix following a fracture, reaching its maxi-
mum size by 10-DPF and decreasing in size until it is undetectable at
28-DPF (Fig. 3a). Hard tissue callus develops later than the soft-tissue
callus, reaching its maximum size between 14 and 21-DPF, and then
steadily returns to its initial size by 42-DPF (Fig. 3b). In accordance
with our findings that fracture and insertion of an intramedullary device
(Fig. 1) produce an avascular segment of diaphyseal bone around the
fracture site, the average vessel volume initially decreases immediately
following a fracture (Fig. 3¢). At the point of maximum soft tissue callus
(hashed line) vessel volume begins to increases reaching maximum
volume at the same time as maximum hard tissue callus (gray zone).
Vessel volume subsequently decreases approaching, but not reaching,
the pre-fracture vessel volume by 42-DPF. Data used for generation of
the graphs are presented in Table 1.

Newly formed subperiosteal vasculature arises from intact intramedullary
vasculature

High power magnification of angiograms reveal that by 10-DPF
newly formed extramedullary vasculature arises from intact intramed-
ullary blood vessels proximal and distal to the fracture site (Fig. 4a).
These intramedullary-extramedullary vascular anastomoses are also
demonstrated by 2D reconstruction of uCT images and close macroscopic
inspection of the cut surfaces of contrast-injected and decalcified femur
fracture specimens. These data demonstrate multiple communicating
vessels apparently arising from intramedullary vasculature, traversing
the cortical bone and branching into numerous small vessels supply-
ing the newly formed hard tissue callus in the subperiosteal space
(Figs. 4b-f). Such anastomoses were only observed at the proximal and
distal ends of the fracture callus, indicating that they were not native
nutrient vessels of the femur. Axial 2D reconstructions confirm that the
23-G pin used to stabilize the fracture did not completely occlude or
completely disrupt the intramedullary vasculature.

Fracture angiogenesis co-localizes with the hard tissue callus and invades
the soft tissue callus

Multiple lines of evidence illustrate that the extramedullary vascula-
ture is associated with developing hard tissue callus and resorption of
soft tissue callus. Sagittal sectioning of vascular contrast-filled fracture
callus (10-DPF) reveals robust development of extramedullary vascula-
ture in hard tissue callus at the proximal and distal aspects of the

Table 1
Quantitation of fracture callus vascularity relative to the soft and hard tissue calluses
throughout fracture repair.

Days post Soft tissue callus Hard tissue callus Vessel volume
fracture mm? mm? mm?
Mean SD N Mean SD N Mean SD N

Intact femur - - - - - - 0.44 022 4
7 4.14 170 8 6.60 085 18 0.16 0.06 6
10 4.84 096 7 1017 172 22 046 0.22 7
14 2.87 1.61 il 1318 252 33 196 149 16
21 037 033 11 13.10 337 33 1.59 089 11
28 0.00 0.00 11 1030 235 24 083 0.46 9
35 0.00 000 11 891 271 23 086 0.48 5
42 0.00 000 11 745 202 19 069 035 4

N = number of samples, SD = standard deviation.



