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BEST PRACTICE. For orthopedic specialists at Rush, good medicine and good teaching
are inextricably linked. In this issue, 4 of our faculty discuss the many facets of orthopedic
education at Rush—and why both teaching and learning are lifelong pursuits (see page 62).

Faculty Editors
Editor in Chief David Fardon, MD
Deputy Editors Brett Levine, MD, MS; Shane J. Nho, MD, MS; Robert W. Wysocki, MD; Adam Yanke, MD
Associate Editors Rachel M. Frank, MD; David M. Levy, MD; Andrew J. Riff, MD
Editor Emeritus Steven Gitelis, MD

2

Chairman’s Letter

3

Orthopedic Faculty and Fellows

8

Research Faculty

10

Department of Orthopedic Surgery Residents

Articles
11 Computer Navigation–Assisted Musculoskeletal Tumor
Surgery: Update and Presentation of 4 Clinical Cases
Mick P. Kelly, MD; Matthew W. Colman, MD
16 Chemokine Receptor Antagonists Can Inhibit
Macrophage Migration
Peng Shi, DDS, PhD; Ana V. Chee, PhD; David K. Liu, MS;
Justin L. Zheng, BS; Ding Chen, MD; Zemin Li, MD; Chundo Oh,
PhD; Di Chen, MD, PhD; Gunnar B. J. Andersson, MD, PhD;
Howard S. An, MD
21 Anterior Cruciate Ligament Reconstruction: Optimizing
Femoral Tunnel Position With Flexible Curved Reamers
Brian Forsythe, MD; Michael J. Collins, BS; Thomas A. Arns, BS;
Michael Khair, MD; Nikhil N. Verma, MD; Brian J. Cole, MD,
MBA; Bernard R. Bach Jr, MD; Nozomu Inoue, MD, PhD

42 Update on Superior Labrum Anterior to Posterior Tears
and Biceps Tendon Tears: Conclusions Based on Translational
Research Performed at the Department of Orthopedic Surgery
at Rush
Brian J. Cole, MD, MBA; Robert J. Thorsness, MD; Nikhil N.
Verma, MD; Anthony A. Romeo, MD
46 Minimally Invasive Transforaminal Lumbar Interbody
Fusion: One Surgeon’s Learning Curve
Dustin H. Massel, BS; Benjamin C. Mayo, BA; Sreeharsha
V. Nandyala, MD; Steve Fineberg, MD; Kern Singh, MD
52 History of Lumbar Disc Science and Surgery
Nicholas Brown, MD; Gunnar B. J. Andersson, MD, PhD;
David Fardon, MD
56 Publications (2015)

26 Limb Lengthening: A New Technology
Monica Kogan, MD

62 Higher Learning
An introduction to orthopedic education at Rush

28 Regrowth of Symptomatic Cam Deformity After Hip
Arthroscopy and Femoral Osteochondroplasty
Gregory L. Cvetanovich, MD; Brandon J. Erickson, MD; Randy
Mascarenhas, MD; Simon X. Lee, MPH; Shane J. Nho, MD, MS

63 Bedside Manner
Taking surgical education beyond the operating room
Edward J. Goldberg, MD

31 Adolescent Idiopathic Scoliosis: A Pilot Study With
Differential Rod Bending
Philip K. Louie, MD; Christopher J. DeWald, MD

65 A Cut Above
Training the next generation of orthopedic surgeons
Simon Lee, MD

37 Chronic Type III Acromioclavicular Separations: Modified
Weaver-Dunn Reconstruction Failures
Randy Mascarenhas, MD, FRCSC; Pav Sumner, MBBS, FRACS;
Bryan M. Saltzman, MD; Myrna Dyck, BN, MSc; Anthony A.
Romeo, MD; Peter B. MacDonald, MD, FRCSC

67 Down to the Core
Preparing residents to practice at the highest level
Brett Levine, MD, MS
69 Connecting the Dots
Teaching young clinicians how research can transform
patient care
Anthony A. Romeo, MD

To view the 2016 Rush Orthopedics Journal online or to view past
issues of the journal, please visit www.rush.edu/orthopedicsjournal.

Chairman’s Letter

“Our faculty members are committed to training and mentoring students,
residents, and fellows, providing them with the knowledge and skills to
become successful and productive members of the health care community.”
The theme of this year’s Rush Orthopedics Journal is education,
and were I not confined to a single page, I could write
volumes on the topic.

solutions to critical biomedical problems and, in conjunction
with our faculty, to bring advances from the laboratory to
the patient.

Education is a core mission of the Department of Orthopedic
Surgery at Rush, just as education is a foundational pillar
of Rush itself. Rush Medical College was the first medical
school in Chicago, and the early faculty became nationally
recognized for patient care, research, and teaching. After
suspending its educational program from 1942 to 1969,
the college reactivated its charter and merged with what
was then Presbyterian-St. Luke’s Medical Center, because
the leaders envisioned a learning environment where
practitioners would take a leading role in the education
of students.

Enabling trainees and graduate students to apply the
principles they are learning to solve real-world health issues
improves both the educational experience and patient care.
It also gives our clinicians and basic scientists opportunities
to share their expertise with the men and women who
represent the future of orthopedics.

The practitioner-teacher model is alive and well at Rush
today, and it’s evident in all of our department’s educational
endeavors. Our faculty members are committed to training
and mentoring students, residents, and fellows, providing
them with the knowledge and skills to become successful
and productive members of the health care community.
We are also producing the next generation of translational
researchers in orthopedics—through our highly competitive
orthopedic residency and fellowship programs, and through
graduate programs at Rush University. Rush offers both
master’s and Doctor of Philosophy degrees in integrated
biomedical sciences, which train students to find innovative
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Four of my colleagues, Edward J. Goldberg, MD, Brett
Levine, MD, MS, Shane J. Nho, MD, MS, and Anthony
A. Romeo, MD, were kind enough to share their personal
experiences as teachers and mentors in this year’s interview
feature (see p 62). I hope you’ll take a few moments to read
their stories, which highlight the breadth and quality of
orthopedic education at Rush.
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“Computer navigation in surgery can improve
accuracy and lead to better patient outcomes.”

Computer Navigation–Assisted
Musculoskeletal Tumor Surgery
Update and Presentation of 4 Clinical Cases
MICK P. KELLY, MD / MATTHEW W. COLMAN, MD

AUTHOR AFFILIATIONS
Department of Orthopedic Surgery
(Drs Kelly and Colman), Rush University
Medical Center and Midwest Orthopaedics
at Rush (Dr Colman), Chicago, Illinois.

CORRESPONDING AUTHOR
Mick P. Kelly, MD, Department of Orthopedic
Surgery, Rush University Medical Center, 1611
W Harrison St, Suite 300, Chicago, IL 60612
(mick_p_kelly@rush.edu).

INTRODUCTION
Over the decade since computer
navigation began to be used in surgery,
orthopedic surgeons have improved and
increased the use of this new technology.
In 1995 surgical pioneers Nolte et al1
developed a novel system of real-time
localization of surgical instruments.
Initial studies focused on the improved
accuracy of transpedicular fixation for
spine surgery.2 Computer navigation in
surgery progressed to include other areas
in which surgical accuracy is critical,
including tumor resection and complex
3-dimensional (3D) osseous anatomy of
the pelvis and scapula in revision or
deformity cases.

This paper discusses the process of
computer navigation in surgery, highlights
some of the early basic science and clinical
results, and offers ideas for future directions
in the field. We conclude with the
presentation of 4 clinical cases involving
computer navigation–assisted orthopedic
surgery at Rush University Medical Center.

surgery in the outpatient setting for hospitals
without intraoperative imaging capabilities,
or they may be acquired during surgery.

TECHNICAL ASPECTS

By means of paired-point registration, the
surgeon localizes a minimum of 4 bony
landmarks on the images and matches them
with points identified in the operating
room, via a patient-mounted tracker and
digitizer. Common examples of identifiable
points include the anterior superior iliac
spine, posterior superior iliac spine, pubic
symphysis, and transverse process.3

Computer navigation in surgery links
intraoperative maneuvers in real time with
2-dimensional (2D) and 3D advanced
imaging. Previously, surgeons “learned”
3D anatomy by means of preoperative
planning and brought that information
to the operating room via memory and
on operating room monitors, but never
in a way that truly interacted with the
operation in real time.
Imaging modalities for computer
navigation–assisted surgery are limited only
by available modalities and commonly
include multiplanar fluoroscopy, computed
tomography (CT), magnetic resonance
(MR) imaging, and combined CT-MR
fusion. These images may be acquired before

Registration is the process by which
anatomic structures on the patient are
correlated to images on the display. Two
main registration processes are paired-point
registration and surface-matching registration.

Exposing these landmarks and achieving
a registration error of less than 1 mm
can be challenging. Therefore, some
surgeons instead use resorbable or
removable markers either preoperatively
or intraoperatively to create a new native
landmark and improve accuracy.4 Surfacematching registration involves selecting
a minimum of 50 points on a completely
exposed bony surface. This method is

Computer Navigation–Assisted Musculoskeletal Tumor Surgery
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less favorable in tumor surgery because
anatomic access may be limited and
extended exposure may increase the risk
of contamination.4 Finally, the navigation
software determines the registration error,
or the difference between the preoperative
images and the real-time patient anatomy.
Achievable registration error values can be
well under 1 mm but should be less than
2 mm, depending on the application.3,4

ACCURACY AND OUTCOMES
Obtaining clean margins in pelvic
tumor resection can be challenging
because of tumor size and the proximity
of neurovascular, gastrointestinal, and
genitourinary organs. One study in which
the investigators used foam-based bone
models called Sawbones (Pacific Research
Laboratories, Vashon, Washington)
quantified the increased accuracy of pelvic
osteotomy cuts by using a navigated
osteotome and oscillating saw. Specifically,
of the 24 bone cuts, the mean [SD] entry
and exit cuts in the navigated group were
1.4 [1.0] and 1.9 [1.2] mm from the
planned cuts, compared with 2.8 [4.9]
and 3.5 [4.6] mm, respectively, in the
nonnavigated group (P < .01). This

A

Figure 1. Case 1. A, Preoperative coronal

CT image showing pathologic fracture of
right glenoid. B, Intraoperative O-arm
sagittal image. C, Intraoperative O-arm
coronal image. D, Intraoperative O-arm axial
image with probe on the lesion. E,
Intraoperative 2D image with probe at
the lesion.
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accuracy was reproduced in cadavers with
16 bone cuts with a mean of 1.5 [0.9] and
2.1 [1.5] mm from planned entry and exit
sites, respectively.5
An additional Sawbones study, in which
the investigators evaluated differences in
the cutting accuracy of navigation–assisted
simulated pelvic tumor resection versus
nonnavigated resection in 10 senior and
13 junior surgeons, produced similar
results.6 All surgeons attempted targeted
multiplanar resection with a 10-mm margin
from the simulated tumor. The location of
the cut planes compared with the target
planes was significantly improved by
using navigation, averaging 2.8 mm (95%
confidence interval [CI], 2.4-3.2 mm),
compared with 11.2 mm (95% CI, 9.013.3 mm) for the traditional group
(P < .001). No difference was observed
with stratification by senior and junior
surgeons. Senior surgeons averaged
3.2 mm (95% CI, 2.7-3.8 mm) for
navigated cuts versus 10.8 mm (95% CI,
8.0-13.6 mm) for freehand cuts (P < .001).
In the 13 junior surgeons, the average
location from the targeted plane was
2.4 mm (95% CI, 1.8-3.1 mm) versus
11.4 mm (95% CI, 7.9-15.0 mm) for

navigation and freehand techniques,
respectively (P < .001). There were no
intralesional resections in the navigation
group versus 5 (22%) of 23 total resections
in the freehand group. The majority of the
intralesional resections were performed
by junior residents.6
In a 2013 prospective study, the
intralesional resection rate of primary bone
tumors decreased after including computer
navigation. At a single institution, the
authors reported an intralesional resection
rate of 29% in 539 primary bone tumors
treated with a traditional technique. After
the application of computer navigation–
assisted surgery in April 2010, the authors
decreased the rate to 8.7% in 23 primary
bone tumors of the pelvis or sacrum.3 After
a mean follow-up of 13.1 months, the local
recurrence rate was 13%, decreased from
the 27% that was reported with the
traditional technique. The authors think
that the increased accuracy preserved sacral
nerve roots in 13 patients, permitted
resection of otherwise inoperable advanced
rectal cancer in 4 patients, and obviated
hindquarter amputation in 3 patients.
Although we cannot draw definitive
conclusions from this small, nonrandomized

B

C

D

E

A

B

C

Figure 2. Case 2. A, 3D model of the left ilium surface osteosarcoma. B, Axial T2-weighted MR image. C, Axial CT image. Three-dimensional
model courtesy of Mayo Clinic Anatomic Modeling Laboratory.

case series, the early results are promising
that the application of this new technology
will lead to better clinical outcomes for
patients with complex disease.
Long-term results are limited because of the
recent adoption of this technology. Cho
et al4 retrospectively reviewed the clinical
course of 18 patients with computer
navigation–assisted resection of stage IIB
(Musculoskeletal Tumor Society staging
system7) bone tumors after a minimum
3-year follow-up (mean, 48.2 months;
range, 22-79). They reported free resection
margins in each of the patients, and the
local recurrence rate was 11% (n = 2).4
Both of the local recurrence cases were
pelvic ring malignancies that recurred in
the soft tissue, not at the osteotomy site.
One of them recurred at 9 months, and this
patient died 20 months postoperatively.
The other recurrence was found 12 months
postoperatively, and the patient remained
disease free 18 months after resection of
the local recurrence.

table of the ilium, medial sciatic buttress, and
anterior sacroiliac joint, thereby obviating
reconstruction and preserving function.

CASE STUDIES
Case 1
The patient, a 39-year-old man, had a
cystic lesion and pathologic fracture of the
glenoid of the right shoulder (Figure 1).
With use of live computerized navigation
system (O-arm Surgical Imaging System
with StealthStation Navigation; Medtronic
Sofamor Danek USA, Memphis,
Tennessee), we localized the posterior
glenoid lesion and used a high-speed drill
and curettes to remove the tumor from the
bone meticulously in all planes. We filled
the cystic cavity with bioceramic cement
(PRO-DENSE; Wright Medical
Technology, Arlington, Tennessee).
Case 2
The patient, a 17-year-old boy, had a highgrade surface osteosarcoma of the left ilium
(Figure 2). The medullary space was not
involved by tumor. We thus performed a
highly precise computer-navigated radical
resection of the tumor, preserving the inner

Case 3
The patient, a 73-year-old man, had a
massive sacrococcygeal chordoma with
presacral extension and invasion of the
rectum (Figures 3 through 5). In the first
stage of the procedure, we performed a
navigated anterior lumbosacral osteotomy
through S2 with O-arm Surgical Imaging
System with StealthStation Navigation.
During the second stage, we performed a
navigated completion of the anterior
osteotomy through S2, acquiring
a negative margin, and en bloc resection
of the sacral tumor.
Case 4
The patient, a 16-year-old girl, had a
debilitating S1 radiculitis and lumbosacral
pain from a large cavitary aneurysmal bone
cyst of the sacrum and L5 vertebra (Figures
6 and 7). We performed a transpedicular
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A

corpectomy of the S1 and S2 bodies via
extended intralesional curettage, followed
by a combination of local bone autograft,
allograft, and bioceramic cement (PRODENSE; Wright Medical Technology,
Arlington, Tennessee) reconstruction of
the corpectomy defect. The navigation
provided visualization of the cavitary defect
within L5, S1, and S2 and ensured that we
had reached the extent of it in all angles.

DISCUSSION
Two of the disadvantages of computer
navigation–assisted surgery are increased
operative time and cost. Jeys et al3 in a
2013 case series reported a mean operating
time of 260 minutes (range, 131-512
minutes). We assumed that the initial
learning curve of navigated surgery
increases operating room time. Radiation
exposure is also increased because some
applications require preoperative CT scans
in addition to increased radiation exposure
intraoperatively for the patient and surgical
staff. This new technology also carries an
increase in health care costs. It is difficult
to assess how long it takes to recuperate
these costs, if ever, because of unknown
long-term clinical benefits. As we become
increasingly aware of health care costs, we
must support future research to understand
the cost effectiveness of this new
technology better.

B

Figure 3. Case 3. Preoperative A, axial and B, sagittal T2-weighted MR images
demonstrating perirectal and presacral, respectively, tumor extent in a 73-year-old man
with massive sacrococcygeal chordoma.

A

B

C

D

Figure 4. Case 3. Intraoperative fluoroscopic images in sagittal (A, D) and axial (B, C)
views demonstrate the navigation tracker on an S1 spinous process, presacral tumor extent,
and navigation instruments.

A

B

C

D

FUTURE DIRECTIONS
Surgeons have already demonstrated
successful use of robotic technology in the
resection of paraspinal tumors.8 New haptic
robot-assisted techniques for primary bone
tumors maximize the accuracy of robots
but allow surgeons to maintain tactile
control over the cutting instruments.9
Three-dimensional modeling and printing

Figure 5. Case 3. Intraoperative images

demonstrating the use of navigation for
localization of osteotomy start point.
Sagittal (A), coronal (B), and axial (C)
intraoperative O-arm views. D, Intraoperative 2D image with live navigational
probe in place.
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A

B

Figure 6. Case 4. Axial (A) and sagittal (B) T2-weighted MR images demonstrating sacral aneurysmal bone cyst in a 16-year-old girl.

Figure 7. Case 4. Intraoperative axial
multiplanar fluoroscopic image of the
sacrum after bioceramic cementation of the
cystic defect.

allow surgeons to conceptualize tumor
structure, plan bone resection cuts, and
develop patient-specific implants. Authors
of a recent case report describe using CT
navigation and 3D modeling to plan a
complex pelvic chondrosarcoma resection
combined with a successful 1-stage
implantation of a 3D-printed titanium
scaffold, plate, and acetabular cup fit
specifically for the patient.10 These new
advances continue to push the boundary
for permitting resection of complex tumors
with preservation of function.

CONCLUSIONS
Computer navigation in surgery can
improve accuracy and lead to better
patient outcomes. Currently, we use
this technology with patients at Rush
University Medical Center. We will
continue to explore new areas of
advancement and evaluate long-term
outcomes and applications for this
exciting technology.
References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.
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“…these studies suggest that small molecule antagonists
against CCR1 and CCR2 may be used as potential therapeutic
agents to inhibit macrophage migration into the disc.”
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INTRODUCTION
More than 26 million Americans between
the ages of 20 and 64 years experience back
pain frequently.1 The costs for treatment of
all spine-related conditions are estimated
at $193.9 billion per year in the United
States.2 The degree of symptom relief after
spine treatments is unpredictable mainly
because the exact cause of low back pain is
poorly understood. Fortunately, cumulative

16

2016 Rush Orthopedics Journal

work by many researchers has begun to
elucidate the molecular events inherent
in disc degeneration and inflammation
that may lead to discogenic low back pain.
Patients may achieve better relief from low
back pain and associated diseases by means
of targeted biological therapies.
The intervertebral disc (IVD) has been
recognized as one of the main sources of low
back pain.3,4 The IVD has a unique structure,
composed of a tough outer ring, the annulus
fibrosus (AF), and a gelatinous inner core,
the nucleus pulposus (NP). Environmental
and genetic factors and aging play significant
roles in disc degeneration. Disc degeneration
is associated with the progressive loss of the
proteoglycan content of the IVD, decreased
matrix synthesis, higher concentrations of
proteolytic enzymes and increased levels of
proinflammatory cytokines. Leakage of these
proteases and cytokines may spread through
annular fissures creating a microenvironment
that is more conducive to nerve and blood
vessel ingrowth into the IVDs.5
Infiltration of macrophages and neutrophils
into peripheral tissues is an important
mechanism to remove tissues that have

been damaged or infected. In diseases
characterized by chronic inflammation,
such as rheumatoid arthritis, immune cells
can cause structural damage and morbidity
to the joints. Results from numerous
immunohistological studies have shown
that macrophages are detected in herniated
disc tissues.6-9 When recruited to the
herniated disc, macrophages may play a
role in resorption of damaged tissue10,11
and also contribute to disc inflammation.9,12-14
In nonherniated cadaver disc tissues,
Nerlich et al15 found a correlation between
disc degeneration and the presence of
macrophages. In their study, clusters of
differentiation (CD)68-positive cells were
detected in disc tissues with degeneration
(Thompson Grade II to V) and not in
those of fetuses, infants, and adolescents
(Thompson Grade I). In patients
with discogenic back pain and no disc
herniation, Peng et al16 reported
CD68-positive staining correlated with
discogram-positive discs. These study
results suggest that macrophage presence
in the disc may be associated with not only
herniated discs but also disc degeneration
and back pain.

A

MATERIALS AND METHODS
Cell Culture

B

Figure 1. Chemokine gene and protein expression are upregulated by interleukin-1
(IL-1) in nucleus pulposus (NP) and annulus fibrosus (AF) cells. We isolated human AF
and NP cells from donor spine samples and cultured them in monolayers. To induce an
inflammatory and degenerative phenotype, we treated the cells with IL-1 for 24 hours.
We measured protein and messenger ribonucleic acid (mRNA) levels of chemokines
chemokine (C-C motif) ligand (CCL)2, CCL3, and CCL5 by using assays and real-time
polymerase chain reaction. Compared with those of the control treated cells, both
A, mRNA and B, protein levels of CCL2, CCL3, and CCL5 were upregulated when
treated with IL-1. Error bars represent standard error of the mean.
Abbreviation: GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Inflammatory chemokines, small cytokines
that play a role in the chemotaxis of
immune cells, are expressed by disc cells.
Regulated on activation, normal T cell
expressed and secreted, also known as
chemokine (C-C motif) ligand (CCL)5,
was detected at higher levels in discogrampositive painful IVD tissues than in
nonpainful IVD tissues.17 Also, ribonucleic
acid (RNA) levels of macrophage
inflammatory protein-1α, also known as
CCL3, can be upregulated by cultured NP
cells after treatment with interleukin (IL)-1
or tumor necrosis factor (TNF) α.18 To
decrease immune cell migration and further
destruction of tissues, investigators have
targeted chemokines (CCL2, CCL3, and
CCL5) and chemokine receptors ([CCRs]:
CCR1, CCR2, and CCR5) for inhibition.
Neutralizing antibodies or small molecule
antagonists against these targets and others
have been tested in inhibiting macrophage
migration in vitro and preventing disease
pathogenesis in vivo with a range of results

from not effective to successful.19 After
decades of clinical trials with different
inhibitors against a variety of receptors
and ligands, a small molecule antagonist
against CCR1, CCX354-C, was found to
be safe, tolerable, and clinically active in
reducing inflammation in patients with
rheumatoid arthritis.20-23 We hypothesize
that chemokines expressed by degenerative
discs may play a role in recruiting
macrophages. Inflammatory macrophages
may initiate an immune response in the
disc that may later resolve itself or worsen
into chronic inflammation that eventually
can lead to discogenic back pain. Inhibiting
macrophage migration into the disc with
antagonists against CCR1 and CCR2 may
prevent the initiation of inflammation
and subsequent back pain. In this study,
we investigated which chemokines may
be important for macrophage migration
induced by human disc cells and tested
which chemokine receptor antagonists can
block this process.

We procured human spine segments
(n = 6) from the Gift of Hope Organ
Donor and Tissue Network of Illinois.
We dissected IVDs and separated AFs
and NPs. We isolated cells by means of
sequential enzymatic digestion of disc
tissue and plated them in 6-well plates.
We cultured NP and AF cells in a monolayer
with Dulbecco’s modified Eagle medium
F-12 (Corning Life Sciences, Tewksbury,
Massachusetts) supplemented with 20%
fetal bovine serum until they reached
confluency. Before treatment, cells were
cultured for 24 hours in starvation media:
Dulbecco’s modified Eagle medium F-12
supplemented with 1% insulin, human
transferrin, and selenous acid; L-glutamine;
gentamicin; and ascorbic acid. We then
treated the cells with human recombinant
IL-1 (R&D Systems, Minneapolis,
Minnesota) (10 ng/mL) in starvation
media for 24 hours. We collected cell
pellets for RNA analysis and conditioned
media for protein analysis and migration
assays. We maintained human acute
monocytic leukemia cell line THP-1
(American Type Culture Collection,
Rockville, Maryland) as directed by the
manufacturer in Roswell Park Memorial
Institute 1640 medium (Life Technologies,
Carlsbad, California) completed with 10%
fetal bovine serum, 100 U/mL penicillin,
and 100 µg/mL streptomycin at 37°C and
5% CO2.
Isolation of Total RNA and
Measurement of Messenger RNA
Levels With Real-time Polymerase
Chain Reaction
We isolated total RNA from NP and AF
cells by using an RNeasy Mini Kit (Qiagen,
Valencia, California), and we measured
messenger RNA (mRNA) levels of CCL2,
CCL3, and CCL5 with real-time polymerase
chain reaction (PCR) by using TaqMan Gene
Expression Assays (Applied Biosystems, Foster
City, California). Briefly, we reverse transcribed
0.5 µg of total RNA into complementary
deoxyribonucleic acid (cDNA) with
random primers by using a High Capacity
RNA-to-cDNA Kit (Applied Biosystems).
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Figure 2. Human monocyte migration is induced by annulus fibrosus (AF) and nucleus

pulposus (NP) cells. We used an in vitro migration assay to determine whether monocyte
migration could be induced by AF and NP cells. As shown in A, we placed a human
monocytic cell line (THP-1) in the upper chamber and conditioned media from interleukin-1
(IL-1) or control treated cells in the lower chamber. After 6 hours, we determined the
number of THP-1 cells that migrated to the lower chamber. The upper panel shows a
schematic of the experiment. B shows that the conditioned media from the AF and NP
cells treated with IL-1 were able to induce migration of THP-1 cells compared with those
from the untreated controls (*P < .05). Error bars represent standard error of the mean.
Abbreviations: CCL, chemokine (C-C motif) ligand; MCP, monocyte chemoattractant protein.

We performed amplification with TaqMan
PCR Master Mix (Applied Biosystems) and
a spectrofluorometric thermal cycler (7300
Real-Time PCR System; Applied
Biosystems). To standardize mRNA levels,
we amplified glyceraldehyde-3-phosphate
dehydrogenase as an internal control.
Multiplex Protein Assay (Quantitative
Immunoassay)
We used multiplex sandwich immunoassays
built on Luminex xMAP Technology
(Luminex, Austin, Texas) to measure
protein levels in the conditioned media
of human NP and AF treated with IL-1
and untreated controls. We generated
assay plates to detect the different
analytes of interest: CCL2, CCL3, and
CCL5. We processed samples in tandem
with a broad range of standards for each
protein, as provided by the manufacturer
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(EMD Millipore, Billerica, Massachusetts).
We processed assays through a Luminex
100 System (Luminex) to measure
the mean fluorescent intensity for
each protein simultaneously in each
sample. We quantified the concentrations
of each protein analyzed in these assays
by using a standard curve recommended
and validated by the manufacturer.
Migration and Inhibition Assay
We assayed migration of THP-1 cells by
using Transwell plates with 3-µm pores
(Corning Life Sciences) in the presence of
conditioned media of the NP and AF cells.
We coated the Transwell filter inserts with
33 µg/mL human fibronectin (SigmaAldrich, St. Louis, Missouri) and incubated
them for 2 hours. We placed the THP-1
cells (5 × 105) in the upper chambers of
each insert. We placed conditioned media

from IL-1 or control treated AF and NP
cells in the lower chambers. We used
negative (starvation media alone) and
positive controls (CCL2/monocyte
chemoattractant protein [MCP]-1
100 ng/mL; Invitrogen, Carlsbad,
California) in each assay. After 6 hours of
incubation at 37°C and 5% CO2, the inserts
were removed, and, using a hemocytometer,
we counted the numbers of total cells that
had migrated to the lower chambers. We
performed inhibition assays as previously
except that we preincubated the THP-1
cells at 3 concentrations (10, 50, and 100
µM) of antagonists against CCR1 and
CCR2 (kindly provided by ChemoCentryx,
Mountain View, California) for 10 minutes
at room temperature before placing them in
the upper chamber. We calculated migration
rates relative to the positive control
(CCL2/MCP-1 100 ng/mL). We calculated
inhibition of migration relative to the
conditioned media without inhibitor.
Surface Expression of Chemokine
Receptors
We first incubated THP-1 cells (1 × 106)
with human immunoglobulin (Ig)G (R&D
Systems) to block nonspecific binding sites
and then incubated them with conjugated
antibodies (human CCR1 Alexa Fluor 488
conjugated antibody [R&D Systems], human
CCR2 allophycocyanin-conjugated antibody
[BioLegend, San Diego, California], or their
isotype controls [mouse IgG2B Alexa Fluor
488 isotype control (R&D Systems), mouse
IgG2a, κ allophycocyanin isotype control
(BioLegend)]) 5 µL each in flow cytometry
staining buffer (R&D Systems). We washed
cells 3 times in staining buffer, fixed with
them with 1% paraformaldehyde, and then
analyzed them by using flow cytometry.

RESULTS
Chemokine Gene and Protein
Expression Upregulated by IL-1 in
NP and AF Cells
Using real-time PCR, we analyzed mRNA
levels of CCL2, CCL3, and CCL5 in human
NP and AF cells after IL-1 treatment
(Figure 1A). Compared with untreated
controls, AF and NP cells treated with IL-1
expressed higher levels of CCL2 mRNA

incubated antagonists at 3 concentrations
(10, 50, and 100 µM) with THP-1 cells
for 10 minutes before the migration assay.
CCR2 antagonists inhibited THP-1
migration induced by disc cells at all
3 concentrations and were more effective
than were CCR1 antagonists (Figure 3).
CCR1 did not inhibit migration at 10 µM
but was able to inhibit 24% and 60% at
50 and 100 µM, respectively.

A

B

Chemokine Receptor Surface
Expression on THP-1 Cells

Figure 3. Chemokine (C-C motif) receptor (CCR)1 and CCR2 antagonists can block
migration of monocytes induced by disc cells. A, To test whether CCR1 and CCR2 antagonists
can block migration of monocytes induced by disc cells, we coincubated antagonists with
THP-1 cells (a human monocytic cell line) for 10 minutes and then placed them in the
upper chamber for the migration assay. We placed the conditioned media from annulus
fibrosus (AF) and nucleus pulposus (NP) cells treated with interleukin-1 (IL-1) in the lower
chamber. We performed the migration assay by using different concentrations of the inhibitors.
B, CCR1 antagonists inhibited migration of THP-1 cells significantly at concentrations
between 50 and 100 µM, whereas CCR2 antagonists significantly inhibited migration at all
concentrations tested (10, 50, and 100 µM). Error bars represent standard error of the mean.

(37- and 51-fold), CCL3 mRNA (35- and
326-fold), and CCL5 mRNA (543- and
655-fold), respectively. The increases in
mRNA levels were also observed at the
protein levels. Using the Luminex multiplex
assay, we measured the protein levels of
these chemokines in the conditioned media
(Figure 1B). Compared with the untreated
controls, AF and NP cells treated with IL-1
produced higher amounts of chemokines,
which were released into the conditioned
media: CCL2 (193- and 178-fold), CCL3
(from undetectable to 447 and 831 pg/mL),
and CCL5 (410- and 187-fold), respectively.

and conditioned media from the IL-1 or
control treated cells in the lower chamber.
After 6 hours, we determined the number
of THP-1 cells that had migrated to the
lower chamber (Figure 2). We calculated
the migration rate relative to the positive
control (CCL2/MCP-1 100 ng/mL).
Conditioned media from untreated cells
induced a low migration rate of 13% (NP)
and 11% (AF) of the positive control,
and those from cells treated with IL-1 were
able to induce a higher migration of THP-1
cells of 65% (NP) and 72% (AF) of the
positive control.

Human Monocyte Migration Induced
by AF and NP Cells

Chemokine Receptor Antagonists
Inhibiting Migration Induced by
Disc Cells

We used an in vitro migration assay to
determine whether monocyte migration
could be induced by AF and NP cells. We
placed THP-1 cells on the upper chamber

To test whether CCR1 and CCR2
antagonists can block migration of human
macrophages induced by disc cells, we

Because surface expression of the chemokine
receptors on migrating cells would be
important to determine the effectiveness
of the antagonists, we analyzed CCR1 and
CCR2 surface expression on THP-1 cells
by using flow cytometry. After subtracting
the number detected in the isotype controls,
we found that more than 81% of THP-1
cells expressed CCR2 on the cell surface
(Figure 4A), and less than 1% expressed
CCR1 (Figure 4B).

DISCUSSION
These studies show that human NP and
AF cells can be induced to express
chemokines that attract macrophages and
other immune cells into the disc. The
3 chemokines that we analyzed—CCL2,
CCL3, and CCL5—were upregulated at
both the RNA and protein levels. In the
conditioned media of cells treated with
IL-1, CCL2 protein levels accumulated
at 10- to 100-fold higher levels than
did CCL3 and CCL5. These data may
suggest that CCL2 may be expressed early
in inflammation and be important in
recruiting the first set of immune cells to
the injured or degenerated disc.
In our migration inhibition assays, we
found that CCR2 antagonists were more
effective than CCR1 antagonists in
inhibiting THP-1 cell migration induced
by NP and AF cells. CCR2 is the main
receptor for CCL2 and is highly expressed
in human peripheral blood monocytes.
Our flow cytometry data helped confirm
that the majority of THP-1 cells expressed
CCR2 at the cell surface. These in vitro
data suggest that CCR2 antagonists may be
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Figure 4. Chemokine (C-C motif) receptor (CCR)2 is expressed on the surface of THP-1 cells. We used flow cytometry to determine
the cell surface expression of CCR1 and CCR2 on THP-1 cells. We stained the THP-1 cells with A, allophycocyanin (APC) conjugated
antibody specific for CCR2 or B, Alexa Fluor (AF) 488 conjugated antibody specific for CCR1. Approximately 81% of THP-1 cells
expressed CCR2 on the cell surface, and less than 1% expressed CCR1.

successful in inhibiting movement of
inflammatory macrophages into the disc.
CCR2 antagonists are being tested in
clinical trials for inflammatory diseases
such as rheumatoid arthritis,
atherosclerosis, metabolic syndrome,
nephropathy, and multiple sclerosis.24
CCR1 is the main receptor for CCL3
and CCL5 and is expressed on monocytes,
memory T cells, basophils, and dendritic
cells. Although not as effective as CCR2
antagonists in our in vitro assay, higher
concentrations (50 and 100 µM) of CCR1
antagonists prevented 24% and 60% of the
cells from migrating. In a similar study, Wang
et al18 showed that CCR1 antagonists were
effective in inhibiting the migration of
RAW264.7 cells (murine macrophage cell
line) induced by rat NP cells. CCR1
antagonists may be useful in inhibiting the
migration of a subset of monocytes or other
immune cells that may play a role in a later
stage of disc degeneration or chronic
inflammation. In a double-blind,

20

2016 Rush Orthopedics Journal

randomized, placebo-controlled clinical
trial, Tak et al23 reported that treatment
with CCR1 antagonists was effective in
reducing the disease score in patients
with rheumatoid arthritis. To our
knowledge, this was the first human
trial to show that chemokine receptor
antagonist therapy can be effective in
reducing the inflammatory diseases.

CONCLUSIONS
The results of these studies suggest that
small molecule antagonists against CCR1
and CCR2 may be used as potential
therapeutic agents to inhibit macrophage
migration into the disc. Future studies
using animal disc degeneration models
will be needed to understand better the
process of how infiltration of macrophages
into the disc contributes to progressive
degeneration and inflammation and
whether inhibitors of macrophage
recruitment, such as CCR1 and CCR2
antagonists, will hinder this process.

References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.

“Three-dimensional imaging software can be used to model femoral
tunnel placement accurately by using a standardized curved guide.”
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INTRODUCTION
Injuries to the anterior cruciate ligament
(ACL) are among the most common to
the sports medicine orthopedist, so it has
been the subject of an ever-increasing
number of studies. Despite the amount
of research devoted to anatomic ACL
reconstruction, there is still considerable
controversy surrounding the best way
to prepare the femoral tunnel. Study
results suggest that ACL reconstruction
success depends on graft placement within
the anatomic insertions of the native
ACL footprint.1-5

Research has shown it is difficult to place a
femoral tunnel in a way that reproduces
native ACL insertional anatomy through a
transtibial technique.6 In addition, this method
can produce unacceptable vertical tunnels
high in the notch.7 Transtibial techniques
have been modified to decrease these risks
and create a more anatomic femoral tunnel.
However, there are still limitations in
regard to graft placement and tibial tunnel
positioning even with these modifications.8,9
Many surgeons use an anteromedial
approach with flexible rods, first described
by Cain and Clancy,10 to drill the femoral
tunnel. Flexible rods limit the need for
hyperflexion during tunnel placement as
well as to allow tunnel placement in a more
anterior and inferior site on the lateral
condyle than is possible with conventional
rods. Flexible reamers outperform rigid
reamers when femoral tunnels are drilled
through an anteromedial portal.11,12
Flexible instrumentation allows the
creation of longer tunnels that are further
away from the posterior cortex. In addition,
tunnel placement with a rigid reamer with
the knee in hyperflexion risks the creation

of a horizontal tunnel with elevated tunnel
acuity.13 Conversely, having the knee flexed
to 90° leads to a short tunnel that may
breach the posterior cortex.
There is still controversy, however,
regarding optimal knee flexion with use
of flexible and rigid reamers through an
anteromedial portal. In this study, we used
a novel 3-dimensional (3D) technology
to evaluate how knee flexion angle affects
femoral tunnel dimensions as well as to
determine the optimal flexion angle to drill
when using curved and rigid guides through
an anteromedial portal. We hypothesized
that femoral tunnels drilled with curved
guides rather than straight guides would
create longer tunnels with greater distance
to the posterior femoral cortex.

MATERIALS AND METHODS
Creation of 3D Computed
Tomographic Knee Models at Various
Flexion Angles
In this cadaveric study, we obtained 6 fresh
frozen knees (4 male and 2 female) from
screened individuals with no prior history
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Figure 2. A, 3D representation of virtual placement of the curved
guide. Red point: Entry point of the guide wire. B, Tunnel length

Figure 1. Curved guide and entry point A, Point-cloud model of
the curved guide. B, C, 3D model of the curved guide and entry
point (red). D, Lateral femoral condyle and entry point (red).

Creation of 3D ACL Tunnel Models
Using custom computer-aided design
software, we created a 3D model of a
curved guide with a 42° bend (4.83 mm
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in outer diameter; Smith & Nephew,
Memphis, Tennessee) and a straight guide
with the same outer diameter and identical
dimensions for use during ACL reconstruction
surgery (Figure 1A, B). We set a pivot
point at the tip of each guide shaft (Figure
1B, C). A single surgeon (B.F.) identified
the insertion points of the ACL tunnel
guide for a single bundle reconstruction by
using the midpoint of the footprint and
topographical landmarks in the 3D CT

femur models (the insertion point) (Figure
1D). We placed the pivot point of each
guide shaft model at the insertion point
(Figure 2A). Then we rotated the guide
shaft model toward medial and inferior
directions about the pivot point until any
portion of the guide shaft hit the medial
condyle and medial plateau with 2 mm of
clearance according to cartilage thickness
(Figure 2B). We kept the curved guide
shaft’s angle of inclination constant at 5°.
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of arthritis, cancer, surgery, or any ligamentous
knee injury. The mean age for the collected
knees was 47 years (range, 26-59). After we
collected the knees, we acquired computed
tomography (CT) images (Volume Zoom;
Siemens, Malvern, Pennsylvania) of each
knee in the coronal, axial, and sagittal
planes; we used 0.625-mm contiguous
sections (20-cm field of view, 512 × 512
matrices) at various angles to gather crosssectional images of the knee joint at specific
flexion points. We flexed each knee by using
an external fixation device and then scanned
them at 90°, 110°, 125°, and maximum
flexion (140° in 2 specimens, 135° in
2 specimens, and 125° in 2 specimens). We
then used CT scans at the various flexion
angles to create 3D knee models at each of
the 4 flexion points under investigation.
We imported the CT images of the knees at
various flexion angles in Digital Imaging and
Communications in Medicine format and
segmented them by using 3D reconstruction
software (Mimics; Materialise, Leuven,
Belgium) to create 3D knee models for
each flexion angle. We further converted
the 3D CT models to point-cloud models.

and shortest distances from the guide wire on the 3D point-cloud
model. The curved guide is automatically rotated around the
entry point until the guide contacts the medial condyle and medial
tibia plateau.
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Figure 3. Least Distance Data Along a Tunnel Drilled With Curved Guides at Various
Flexion Angles

Table 1. Average Least Distance Along the Middle Third of a 10-mm Tunnel Created With Curved and Straight Guides

AVERAGE LEAST DISTANCE (mm)
Flexion Angle

Curved

Straight

P Value

90°

−0.191 ± 1.67

−0.595 ± 1.61

.0118

110°

1.306 ± 1.71

−0.086 ± 1.76

.0028

125°

4.233 ± 1.56

3.930 ± 1.91

.5886

Maximum

7.941 ± 2.10

8.319 ± 2.05

.8053

Data are given as mean ± standard deviation.
Bolded numbers indicate statistically significant differences between curved and straight with paired t test (P < .05).

After we determined the guide’s position,
we inserted a virtual straight guide wire
into the lateral condyle in the direction of
the straight portion at the tip of the curved
guide shaft or the direction of the straight
guide shaft. We extended the virtual guide
wire until it reached the lateral wall or
posterior wall of the lateral condyle (the
exit point). We defined the length of the
ACL tunnel as the distance between the
insertion point and the exit point. We

calculated the distance from the guide wire
to the posterior wall of the lateral condyle
as the least distance in a plane
perpendicular to the guide wire. We
calculated the least distances to the
posterior wall at 100 points along the guide
wire as a function of the distance from the
insertion point (0% at the insertion point
and 100% at the exit point).
We created the 3D virtual guide shafts
and ACL tunnel and performed 3D
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Statistical Analysis
We recorded all data in a Microsoft Excel
spreadsheet (Microsoft). We performed
data analysis with IBM SPSS Statistics
version 22 (IBM SPSS, Armonk, New
York). We compared average tunnel
lengths and the average least distance
between the straight and curved guides
by using a paired t test with a significance
level less than .05.

RESULTS

10
8
6
4
2
0

measurements of the tunnel length and
least distance to the posterior wall of the
lateral condyle by using software. We used
a custom-written Visual C++ program
and Microsoft Foundation Class
programming environment (Microsoft,
Redmond, Washington).
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Figure 4. Least Distance Data Along a Tunnel Drilled With Straight Guides at Various
Flexion Angles

Table 1 shows the average least distance
data for the middle third of a 10-mm
femoral tunnel drilled with curved and
straight reamers. As the degree of knee
flexion increases, the average least distance
increases for both curved and straight
reamers. Curved reamers consistently and
significantly outperformed straight reamers
in regard to least distance with the knee
at 90° and 110° of flexion (P < .05). At
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Table 2. Average Tunnel Length Along the Anterior Edge, Center, and Posterior Edge of 8-mm Virtual Tunnels

AVERAGE TUNNEL LENGTH (mm)
8-MM CURVED GUIDE

8-MM STRAIGHT GUIDE

Flexion Angle

Anterior

Center

Posterior

Anterior

Center

Posterior

90°

28.5 ± 1.6

20.8 ± 3.7

12.4 ± 4.3

28.3 ± 0.7

18.8 ± 3.7

12.0 ± 4.5a

110°

35.2 ± 0.7

32.0 ± 0.9

28.0 ± 1.2

34.3 ± 1.9

30.6 ± 1.7

24.6 ± 4.4a

125°

35.7 ± 0.8

33.4 ± 2.3

32.0 ± 2.1

35.1 ± 1.2

32.6 ± 3.8

31.0 ± 4.1

Maximum

35.4 ± 4.0

35.9 ± 0.6

35.3 ± 1.3

37.3 ± 1.5

36.3 ± 0.6

35.5 ± 1.1

Data are given as mean ± standard deviation.
Bolded numbers indicate statistically significant differences between curved and straight with paired t test (P < .05).
a
Indicates posterior wall cutout in specimens (2 at 90° and 110° with straight guides).

90° of flexion, results were significant,
though both curved (−0.191 mm) and
straight (−0.595 mm) reamers breached the
posterior cortex.
Tables 2 and 3 show the average tunnel
length for 8- and 10-mm tunnels virtually
drilled at each flexion angle with curved
and straight reamers. For both 8- and 10-mm
straight and curved guides, increasing the
knee flexion angle increased tunnel length.
For 8-mm tunnels, tunnel length was
significantly longer at 90° and 110°
of flexion when we used a curved guide
(P < .05). We could not properly analyze
the 10-mm tunnels at 90° because of
multiple specimens breaching the posterior
cortex. We noted posterior breach at both
90° and 110° of flexion when using straight
guides to drill both 8- and 10-mm tunnels.
Using curved guides, we noted posterior
wall cutout in 2 specimens at 90° when
drilling a 10-mm tunnel. Using an 8-mm
curved guide, we noted no incidence of
posterior wall cutout.
Figures 3 and 4 show the least distance
data for curved and straight guides,
showing the distance to the posterior
cortex for each flexion angle as a function
of tunnel length. Increasing flexion angle
consistently created tunnels with a greater
distance from the posterior cortex (P < .05).
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Tunnels created using curved guides had
a significantly greater distance to the
posterior cortex at 10% and between
40% and 70% of tunnel length at 90° of
flexion (P < .05). At 110°, curved guides
significantly outperformed straight guides
for the first 80% of tunnel length (P < .05).
At 125° and maximum flexion, we noted
no significant differences.

DISCUSSION
Three-dimensional imaging software can be
used to model femoral tunnel placement
accurately by using a standardized curved
guide through the anteromedial portal with
knee flexion angle as the sole variable. Using
this approach, the least distance data for
both curved and straight guides suggest that
drilling the femoral tunnel at 90° of flexion
will put the posterior cortex greatly at risk,
whereas greater flexion angles eliminate
this danger. Curved guides increased the
distance to the femoral cortex while
preserving adequate tunnel length. The
average distance to the posterior cortex
along a tunnel drilled using curved and
straight guides (Figures 3 and 4) shows that
increasing knee flexion increases the distance
to the posterior cortex. We created virtual
tunnels of 8 and 10 mm to simulate tunnels
created during ACL reconstruction using

soft-tissue and bone-tendon-bone grafts.
Analyzing tunnel data (Tables 2 and 3)
showed that at 90° and 110° of knee flexion,
8- and 10-mm femoral tunnels cannot be
drilled reliably with straight guides without
the risk of breaching the posterior femoral
cortex; 10-mm tunnels drilled with a
curved guide at 90° risk breaching the
posterior femoral cortex as well.
The use of the anteromedial portal for
drilling the femoral tunnel has become
increasingly more common since the
advent of flexible instrumentation.
Anteromedial drilling creates a more
anatomic tunnel, although it has
some drawbacks, including the need
for hyperflexion, short tunnels, and
difficulty maintaining visualization while
drilling.12,14-17 In a cadaveric study, Bedi
et al8 analyzed the obliquity and length of
femoral tunnels created through transtibial
versus anteromedial portal drilling. The
authors concluded that anteromedial
drilling allows for increased obliquity;
however, there is an increased risk of
critically short femoral tunnels (<25 mm).
In our study, femoral tunnel length was
consistently greater than 25 mm with a
knee flexion angle greater than 90°. In
addition, flexible guides produced longer
tunnels up to 125° of flexion.

Table 3. Average Tunnel Length Along the Anterior Edge, Center, and Posterior Edge of 10-mm Virtual Tunnels

AVERAGE TUNNEL LENGTH (mm)
10-MM CURVED GUIDE

10-MM STRAIGHT GUIDE

Flexion Angle

Anterior

Center

Posterior

Anterior

Center

Posterior

90°

30.2 ± 1.5

20.8 ± 3.7

12.7 ± 5.5a

29.4 ± 1.1

18.8 ± 3.3

8.9 ± 5.1a

110°

35.8 ± 0.9

32.2 ± 1.0

26.3 ± 4.1

35.2 ± 1.1

30.6 ± 1.6

25.9 ± 2.0a

125°

36.4 ± 1.5

34.8 ± 1.2

32.8 ± 2.0

35.6 ± 1.2

32.6 ± 3.8

30.5 ± 3.9

Maximum

35.4 ± 4.6

35.9 ± 0.6

35.4 ± 1.8

37.5 ± 1.8

36.3 ± 0.6

35.3 ± 1.5

Data are given as mean ± standard deviation.
Bolded numbers indicate statistically significant differences between curved and straight with paired t test (P < .05).
a
Indicates posterior wall cutout in specimens (2 at 90° with curved and straight guides and 3 at 110° with straight guide).

Results from a study in which the
investigators analyzed the effect of knee
flexion on femoral tunnel length during
double-bundle ACL reconstruction showed
that lesser degrees of knee flexion produced
shorter tunnel lengths with use of straight
guides.13 Our analysis of single-bundle
ACL reconstruction produced similar
results. With both curved and straight
guides, increasing knee flexion produced
significantly longer tunnel lengths.
Investigators in multiple studies have
analyzed the risk of posterior femoral cortex
breach when drilling the femoral tunnel.
Steiner and Smart12 analyzed the use of
flexible and rigid systems for femoral tunnel
drilling from the anteromedial portal versus
the transtibial approach at 110° of flexion.
They discovered flexible pins exited
significantly further from the posterior
cortex than did rigid pins. In a separate
study of tunnels drilled at 120° with a
rigid system, findings showed that 75%
of tunnels experienced posterior cortex
compromise at an average of 21.3 mm.8
Decreasing knee flexion is a risk factor
for posterior wall compromise. Our study
results help confirm that increasing knee
flexion significantly increases the distance
to the posterior cortex, with maximum
flexion allowing for the greatest distance.

In addition, flexible systems allowed for
significantly greater tunnel length than did
rigid systems. However, at 90° of flexion,
neither rigid nor flexible systems could be
used without compromising the femoral
cortex or creating a critically short tunnel.
In addition, at 110° of flexion, the posterior
cortex was compromised when drilling a
10-mm tunnel with a straight guide.

aware that knee flexion to at least 110°
optimizes ACL femoral tunnel dimensions.
In addition, surgeons using straight reamers
should flex the knee to at least 125° to
optimize femoral tunnel dimensions.
References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.

There are some limitations to the present
study. First, we set the thickness of articular
cartilage at 2 mm. In a patient with the
potential for thicker cartilage, this variable
may alter positioning of the guide pin as
it passes adjacent to the medial condyle.
Second, we evaluated only the bony
morphology without taking into account
the soft tissue. Therefore, the entry point
may be slightly more medial in a surgical
setting when taking into account soft tissue.

CONCLUSIONS
The use of 42° flexible guides and reamers
resulted in greater distance of the tunnel
to the femoral cortex while preserving
adequate tunnel length. For creating
long femoral tunnels without the risk of
breaching the posterior cortex, the optimal
knee flexion angle is 110° or greater.
Surgeons using flexible reamers should be
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“This technology has revolutionized the method by which
orthopedic surgeons can address limb-length inequalities.”
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INTRODUCTION
For more than 50 years, clinicians
have used distraction osteogenesis with
great success to lengthen extremities.1,2
Techniques such as unilateral external
fixation, multiplanar external fixation,
lengthening over a nail, and external
fixator lengthening followed by
intramedullary (IM) nailing are all
techniques for lengthening a limb.
Issues associated with external fixators,
including pin tract infections, refractures,
soft-tissue tethering, and joint stiffness are
all well documented.3,4 The use of an IM
device with an external fixator (lengthening
over a nail) is a hybrid technique that avoids
the complications of fracture and joint
stiffness seen when lengthening with only
an external fixator. Once the surgeon using
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this technique achieves the desired length,
he or she removes the fixator and locks
the IM nail distally, which provides
stability while the consolidate matures.
This type of technique, however, is
technically demanding and associated
with complications, such as pin tract
infections, failure to distract, fracture, and
hardware failure.3
The ideal implant is an IM device
that allows for stabilization during the
lengthening process. The Intramedullary
Skeletal Kinetic Distractor nail (ISKD;
Orthofix International, Verona, Italy), an
IM nail used in the past, was an internal
device with a ratchet mechanism that
lengthened the bone. The clinician
programmed the desired length into the
device before placement, and specific
exercises were performed by the patient
a few times per day to allow for 1 mm of
lengthening daily. Common complications
were devices that lengthened too fast
because of the leg turning during activities
such as sleeping, or the ratchet device not
working properly, resulting in the leg not
lengthening. With the ISKD, if the patient
experienced complications such as delay
in healing of the consolidate or excessive
pain, there was no way to stop, slow, or

modify the lengthening process. In addition
to those issues, the exercise of turning
the leg to lengthen the bone was often
extremely painful for the patients. The
ISKD device was taken off of the market
in 2012.

PRECICE SYSTEM
In 2011, Ellipse Technologies (Aliso Viejo,
California) introduced the PRECICE
system, a telescoping rod with an internal
magnet that lengthens via a handheld
external remote controller (ERC). The
clinician programs the desired length into
the ERC, and the patient performs the
lengthening 3 times per day to produce
1 mm of length per day. The PRECICE
system originally was approved to be
lengthened by a medical professional,
and patients were required to go to the
physician’s office 3 times per day, including
weekends. In 2013, the US Food and Drug
Administration approved patients and
caregivers performing the lengthening
procedure at home.
With the PRECICE system, the clinician is
able to fine-tune the correction to include
further lengthening over what initially was
programmed. Compression, or shortening,
also can be performed if the limb is

Figure 1. Initial postoperative
anteroposterior radiograph in a 15-year-old
boy with a congenitally short femur,
showing a corticoctomy. The patient had a
small amount of valgus tilt of the femur,
which was corrected with the placement of
a straight rod.

Figure 2. Initial postoperative lateral

Figure 3. Anteroposterior radiograph

radiograph of the femur of the same
patient.

obtained in the same patient 21 days after
surgery. The magnet is visible at the level
of the corticotomy, and bone bridging is
visible as well.

overcorrected. Because lengthening occurs
only with the use of the ERC, the rate of
lengthening can be adjusted if issues arise.
If there is a delay in the consolidate or if
the patient is having excessive pain, the
lengthening can be slowed down Furthermore,
unlike with the ISKD, the actual process of
lengthening the device is painless.

Deformities may need to be corrected
before the lengthening procedure.
Contraindications to using the PRECICE
system are a body mass index (BMI) greater
than 30 and a soft-tissue envelope greater
than 8 cm around the bone. The magnet
is not strong enough to work through softtissue sleeves larger than this, and the rod
may be overly stressed with a BMI greater
than 30. We have required patients with
BMIs greater than 30 to lose weight before
the procedure.

such as the risk of pulmonary embolism,
fat embolism, or delayed healing of the
consolidate—are still present. We are not,
however, seeing the issues associated with
external fixation. The device is also not
as strong as a standard IM nail; therefore,
to avoid rod breakage, the patient must
not bear weight on the extremity until the
consolidate is completely mature.

The clinician can place the femoral
PRECICE nails antegrade through the
greater trochanter or piriformis fossa, or
retrograde in skeletally mature patients.
In patients with open growth plates, such
as the 15-year-old boy shown in Figures
1 through 3, a greater trochanteric starting
point is required. Tibial and humeral
nails also exist. Tibial PRECICE nails
can be placed only in skeletally mature
patients, once the physis is closed, similar
to placement of a standard tibial nail.
Limiting factors for the use of the nail
include canal diameter and the initial
length of the bone to be lengthened. Since
the introduction of the PRECICE system,
the diameter and length options of the
nails have improved, but the options are
not as numerous as with a standard IM nail.

At Midwest Orthopaedics at Rush, we have
performed 16 lower extremity lengthening
procedures to date in patients ranging in
age from 10 to 32 years. Indications have
included limb-length inequalities secondary
to trauma, congenitally short femur,
proximal femoral focal deficiency, tibia
hemimelia, and limb-length inequalities of
unknown cause.
This technology has revolutionized the
method by which orthopedic surgeons can
address limb-length inequalities, but it is
not without risks. Complications seen with
placement of an IM nail in an extremity—

CONCLUSIONS
Patients who previously had undergone
lengthening with an external fixator and
later underwent lengthening with the
PRECICE system have commented that
they wished that the technology had been
available earlier. The PRECICE system
offers a new option for orthopedic surgeons
to treat limb-length inequalities—one that
does not cause pain during the lengthening
process or have issues similar to those of
external lengthening devices.
References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.
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“Of the cohort of 665 hip arthroscopies in our study,
only 1 patient experienced symptomatic regrowth of
a cam deformity after prior hip arthroscopy.”
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INTRODUCTION
Femoroacetabular impingement (FAI) is
a common etiology of hip pain in young
patients and may be a precipitating factor
in development of hip osteoarthritis.1
FAI is anatomically divided into cam
deformity, pincer deformity, and a
combination of cam and pincer deformity,
any of which can lead to chondral and
labral injury.1 A cam deformity involves
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an aspherical femoral head rotating in
the acetabulum with excess bone at the
femoral head-neck junction, whereas
a pincer deformity involves acetabular
overcoverage. Although treatment of
FAI originally was described via open hip
surgical dislocation, hip arthroscopy for the
treatment of FAI has grown in popularity
in recent years and now has become a wellestablished treatment for FAI.2 The goal of
arthroscopic treatment of FAI is to remove
the excess bone on the femoral head/neck
junction (cam deformity), acetabulum
(pincer deformity), or both (combined
FAI), thereby restoring normal kinematics
to the hip joint. Although long-term
outcome data are sparse, reported outcomes
of hip arthroscopy for FAI are generally
good, and complication rates are low.2-4
Studies of patients who have had poor
results from revision hip arthroscopy after
primary hip arthroscopy most commonly
identify underresection of FAI deformities
as the cause of failure.5,6 To our knowledge,
regrowth of a symptomatic cam deformity
after prior femoral osteochondroplasty for
FAI has not yet been reported.

The present study reports the incidence of
regrowth of symptomatic cam lesions in
patients who previously underwent femoral
osteochondroplasty for femoroacetabular
impingement by a single surgeon at a major
hip arthroscopy center.

MATERIALS AND METHODS
Between August 2009 and July 2013, we
retrospectively reviewed 665 consecutive
hip arthroscopy procedures performed
by the senior author in order to identify
patients who had symptomatic regrowth of
cam lesions after prior arthroscopic femoral
osteochondroplasty for femoroacetabular
impingement. We defined cam regrowth
as a period of improved symptoms after
arthroscopic hip surgery for FAI with
radiographic evidence of a resected cam
deformity followed by recurrence of pain
leading to the observation of regrowth of
a cam deformity on imaging.
We identified 1 case of symptomatic
regrowth of a cam deformity after femoral
osteochondroplasty for FAI during the
study period.

A

B
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D

positive psoas impingement test, negative
subspine impingement test, and absence of
a circumduction clunk. The left hip painful
arc was from 12 to 3 o’clock. We obtained
plain radiographs, which revealed a left
hip lateral center edge angle of 38.5°, an
alpha angle of 64°, preserved joint space,
and positive crossover sign (Figure 1A, 1B).
Magnetic resonance imaging (MRI) and a
computed tomography scan helped confirm
a cam deformity and anterosuperior left
labral tear (Figure 1C, 1D). The patient
underwent cortisone injection in the left
hip, which provided complete pain relief
for 2 months.

Figure 1. Preoperative anteroposterior (A) and Dunn lateral (B) radiographs, axial
magnetic resonance image (C), and axial computed tomographic scan (D) reveal a cam
deformity and an anterosuperior labral tear, as well as a lateral center edge angle of 38.5°,
an alpha angle of 64°, and positive crossover sign.

A

B

Figure 2. Postoperative anteroposterior (A) and Dunn lateral (B) radiographs reveal

resolution of the patient’s cam deformity, as well as a lateral center edge angle of 37.5° and
an alpha angle of 46.1°.

CASE REPORT
A 24-year-old competitive hockey goalie
presented with left hip pain. The pain
began during a hockey game; was localized
to the left groin; and was exacerbated by
rotational movement, stair climbing, and
putting on socks and shoes. Past medical

history and past surgical history were
otherwise unremarkable. Examination of
the left hip revealed mild tenderness at
palpation of the adductors and hip flexors
and limited left hip internal rotation to
15°. Provocative testing of the left hip
revealed a positive impingement test,

Because of a recurrence of symptoms
2 months after injection, the patient
underwent left hip arthroscopy, labral
repair, acetabular rim trimming, and
femoral osteochondroplasty. He reported
complete pain relief and was able to return
to recreational ice hockey 6 months
postoperatively. Arthroscopic images,
intraoperative fluoroscopic images, and
postoperative radiographs obtained 2 weeks
after surgery revealed normal cartilage and
complete resection of the cam deformity,
with a postoperative lateral center edge
angle of 37.5° and an alpha angle of 46.1°
(Figure 2A, 2B). Two and a half years after
the initial surgery, the patient returned
with complaints of recurrent left hip pain
located in the groin that was exacerbated
by ice hockey and distance running. Left
hip internal rotation was 10° (compared
with 25° at 6 months after the index
procedure). There was a positive impingement
test with a painful arc from 1 to 3 o’clock.
Plain radiographs revealed regrowth of a cam
deformity (Figure 3A, 3B) with a lateral
center edge angle of 38°, preservation of
the joint space, and an alpha angle of
69.5°. MRI helped confirm left hip cam
deformity regrowth (Figure 3C, 3D).

DISCUSSION
Hip arthroscopy with femoral and
acetabular osteochondroplasty has become
a well-established treatment for FAI,
with good results and a relatively low
complication rate.2 Nevertheless, some
patients will have recurrent or persistent

Regrowth of Symptomatic Cam Deformity After Hip Arthroscopy and Femoral Osteochondroplasty

29

A

B

C

D

Figure 3. Anteroposterior (A) and Dunn lateral (B) hip radiographs obtained 2 and a half

years after initial surgery reveal regrowth of cam deformity, as well as a lateral center edge
angle of 38° and an alpha angle of 69.5°. Axial (C) and sagittal (D) magnetic resonance
images also showed regrowth of the cam deformity.

hip pain and ultimately undergo revision
hip arthroscopy.5-8 There are multiple
causes for revision hip arthroscopy, but,
to our knowledge, regrowth of a
symptomatic cam deformity after adequate
resection at the initial surgery has not been
reported previously.
Patients who have persistent pain after
initial hip arthroscopy generally choose
to undergo revision hip arthroscopy.6 Hip
disease identified in reported series of
revision hip arthroscopy include labral
disease, chondral injury, adhesions,
instability, and previously unaddressed
or undertreated bony lesions.5-8 Of note,
a common cause of persistent pain after
hip arthroscopy is insufficient treatment
of the patient’s FAI. In some cases, a
patient actually has combined FAI,
and either the cam or the pincer lesion
remains undiagnosed and unaddressed at
the initial operation. In other cases, the
surgeon performs an inadequate resection.5
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Inadequate resection could be due to lack
of dynamic hip motion intraoperatively. In
order to access the entire cam deformity,
the surgeon must bring the hip through a
range of motion from complete extension
to almost 90° of flexion. The most difficult
areas of the cam deformity to access are
the far lateral and far medial aspects of the
deformity because of the need for neutral
extension and internal rotation to full
flexion and external rotation, respectively.
We report a novel indication for revision
hip arthroscopy for FAI: regrowth of a
symptomatic cam deformity. Of the cohort
of 665 hip arthroscopies in our study, only
1 patient experienced symptomatic
regrowth of cam deformity after prior
hip arthroscopy for FAI. The senior
author properly treated the patient’s cam
deformity at the initial operation with
adequate removal of bone, as evidenced by
postoperative radiographs. After surgery,
the patient had a period of decreased

pain and returned to full activity, further
demonstrating the adequate resection.
However, this period of symptomatic
improvement was followed by recurrence of
pain leading to the diagnosis of regrowth of
his cam lesions at imaging.
In our study, we assess symptomatic
regrowth. We do not obtain postoperative
radiographs routinely. Asymptomatic cam
lesions can go undetected, as shown by
a 2010 MRI study in which the investigators
found cam lesions in 14% of symptomatic
volunteers.9 Investigators in future studies
should assess the incidence of cam lesions
and osteoarthritic changes in patients who
have no pain after arthroscopic surgery.
We know of only 1 small study of cam
regrowth, in which Gupta et al found no
cam regrowth at 28 months in 47 patients.10
The etiology of regrowth of cam deformity
in this case is unclear. The initial cause
of FAI has not been proved and may
include multiple factors, including a
hereditary component, which appears
mostly after physeal closure, and a
repetitive microtraumatic component
secondary to increased activity level.11
On the basis of this mechanism for initial
FAI development, a hypothesis is that
cam regrowth could occur via persistence
of repetitive microtrauma to the hip.
Future studies could further elucidate the
initial mechanism of FAI development,
as well as the mechanism and risk factors
for regrowth of cam deformities after hip
arthroscopy to treat FAI.

CONCLUSIONS
Regrowth of symptomatic cam deformity
is an unusual cause of recurrent hip pain
after hip arthroscopy with adequate femoral
osteochondroplasty. The true rate of
asymptomatic regrowth of cam deformities
after surgery is unknown, and this remains
an area for future study.
References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.
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INTRODUCTION
Adolescent idiopathic scoliosis (AIS),
a complex 3-dimensional (3D) spinal
deformity that can progress during
the accelerated growth phase during
puberty, affects 2% to 3% of the general
population.1 Surgical treatment of AIS
has evolved rapidly. Although the goals
of preventing curve progression and
addressing the physical appearance of
the deformity have not changed, recent
research has focused on obtaining a
balanced spine in multiple planes.2-6
Traditionally, the focus of AIS surgery has
been correction of the coronal deformity;
however, the clinician also must address

the rib hump caused by abnormal kyphosis
in the sagittal plane and rotation in the
transverse (axial) plane. In the pediatric
population, correcting the rib hump
without rib resection (thoracoplasty)
has been a growing area of research.4,5 In
adults, addressing spinopelvic parameters
and sagittal balance have emerged as foci
of studies with results that show direct
relationships between restoration of sagittal
alignment and improved health-related
quality of life (HRQoL) measures.2,7-10
Harrington11 introduced reduction by
means of distraction and compression with
internal fixation of the spine (Harrington
rods and hooks) in the early 1960s.
Investigators have tried sublaminar wires;
cables; plates; springs; rods; rails; and
many variations on hooks, screws, and
other segmental anchoring systems over
the years.12,13 Most recently, pedicle screws
have shown fixation in all 3 columns of the
spine, thereby improving the biomechanics
of long constructs needed to treat the
deformity. Pedicle screws provide maximal
fixation by evenly distributing forces across
each segment, while also achieving the

largest cross-sectional area of engagement
across the osseous anatomy.3,14,15
Although posterior pedicle fixation is a
popular treatment for AIS, study results
have shown a loss of thoracic kyphosis
with segmental pedicle screws compared
with results with previous techniques.2,16-18
To address this shortfall, investigators
have tried corrective strategies in the form
of in situ rod bending, rod rotation, rod
cantilever, direct vertebral rotation (DVR),
and compression and distraction of rod
segments.3,19,20 However, depending on the
instrumentation and correction techniques
used, thoracic hypokyphosis and lack of
substantial improvement in the rib hump
may persist after deformity correction.4,5,21
We present a systematic clinical approach
and surgical technique to address the 3D
deformity often seen in AIS. Through
the use of surgical planning software,
we measured radiographic parameters to
develop calculated templates for analysis
of best-fit models, appropriate sagittal
plane correction consistent with HRQoL
end points, and length of instrumented
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Table 1. Metal Pairings for Rail and Rod Placement

CONCAVE METAL

CONVEX METAL

CCr rail

Ti rail, CCr rod, or Ti alloy rod

Ti rail

CCr rod or Ti alloy rod

CCr rod

Ti alloy rod or CP4 Ti rod

Ti alloy rod

CP4 Ti rod

A stiffer concave metal pairs best with a softer convex metal.
Abbreviations: CCr, cobalt chromium; CP4, commercially pure titanium, grade 4; Ti, titanium.
constructs. The use of differential rod
bending and metals with differing degrees
of stiffness allowed for dual rod correction
of scoliotic deformities. The purpose of
this study was to evaluate the results of
coronal, sagittal, and axial plane correction
with our technique as compared with
standard techniques. We also will look
at concomitant changes in the untreated
spine, including changes in the cervical
and lumbar lordosis and pelvic parameters
that influence HRQoL. In this article, we

will present 2 patients who have undergone
surgical treatment with this technique.

MATERIALS AND METHODS
Patient Selection
This was a prospective, consecutivepatient, single-site, single-arm pilot study.
Our goal was to evaluate the correction
of deformity and changes in rod contour
of preoperatively differentially bent rods,
as guided by a computer-based software

A

B

C

D

program, to develop a template for a best-fit
rod contour. In total, 17 patients (goal
of 20) have been enrolled beginning in
January 2013. Inclusion criteria include
the following: age between 10 and 18
years; diagnosis of AIS; a preoperative
Cobb angle22 main thoracic (MT) curve
magnitude of at least 45°; and a Lenke
classification23 curve type 1, 2, or 3. We
excluded patients if they had undergone
previous spine surgery.

Figure 1. A, We placed a softer 5.5-mm titanium convex rod intraoperatively. B, We placed a similar 5.5-mm titanium alloy rod on the
convexity of the deformity on a spine model. C, Next, we placed the stiffer 5.5-mm cobalt chromium cobalt rod intraoperatively. D, We
placed a similar 5.5-mm cobalt chromium rod on the concavity of the deformity on a spine model.
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stepping down to a less stiff rod or rail (ie,
titanium [Ti]).
Next, the surgeon overbent the CCr
concave rod or rail to approximately 20°
greater than the resultant goal for thoracic
kyphosis as determined by using the
patient’s spinopelvic measurements
(Figure 1). The surgeon used the method
described by Cidambi et al3 to allow for
the rod flattening that is expected to
occur during correction on the basis of the
deformity’s rigidity, rod or rail geometry,
and the metal component (Ti versus CCr).
The surgeon determined the level of
target kyphosis mathematically by initially
determining the PI.26

Figure 2. A, We then advanced the Crickets but did not tighten them fully. This action
provides a cantilever push against the apex of the curve, with rotation occurring around
the axis of this rod. B, Next, we placed the concave rod in standard fashion. C, We then
advanced the Crickets working from outside in toward the apex. To avoid point loading,
we tightened the Crickets differentially, back and forth, creating a zipper effect.

Preoperative Planning
We performed preoperative radiographic
measurements by using Surgimap Spine
version 2.05 or later (Nemaris, New York,
New York). Quantitative assessments
were as follows: curve magnitudes of the
structural curve in the coronal plane
(Cobb angles), sagittal curves, thoracic
and lumbar modifiers (Lenke classification
for AIS), coronal offset, number of levels
to be fused, neutral and stable vertebrae,
apical vertebra of the main thoracic curve,
sagittal vertical axis (SVA), cervical
lordosis, thoracic kyphosis (TK; T4-12),
lumbar lordosis (LL; L1-S1), sacral slope
(SS), pelvic tilt (PT), pelvic incidence
(PI), and the best-fit radius curve in the
sagittal plane encompassing the MT and
thoracolumbar (TL) curves.
We also assessed rotation of the apical
vertebra by using the Perdriolle method.24
On an anteroposterior (AP) radiograph, we
aligned the edges of a nomogram directly
with the innermost points of the lateral
walls of the vertebral body, with a rotation

angle being read from a vertical line drawn
through the convex pedicle.
Patients underwent supine push-prone
or traction radiography in the coronal
plane so we could determine the flexibility
of each curve. We assessed quantitative
comparison of the axial rotation of the
apical vertebra between the standing
AP radiograph and the push-prone
radiograph to determine the score on a
flexibility index.25
Surgical Technique
A single surgeon (C.J.D.) used the
following technique. The surgeon exposed
the midline of the posterior spine and used
anchor placement of hooks and screws,
osteotomies, and/or facetectomies on the
basis of the spinal deformity’s rigidity as
determined from the supine push-prone or
traction radiographs. The surgeon selected
a concave cobalt chromium (CCr) rod or
rail, with rails being chosen for more rigid
deformities (Table 1); the selection of the
convex rod or rail then was determined by

Initially, we placed an underbent, less stiff
rod on the convex side of the deformity,
obtaining partial correction of the coronal
deformity. We then advanced Cricket
reducers (K2M, Leesburg, Virginia) but did
not tighten them fully. This action provides
a cantilever push against the apex of the
curve but allows rotation to occur around
the convex rod. The convex rod acts as
the axis of rotation, allowing the spinal
deformity to derotate, thereby decreasing
the rib hump deformity.
We then placed the overbent concave rod
or rail, again by using Cricket reducers, slowly
reducing the coronal deformity, while at
the same time derotating the spinal deformity
by pulling up the concave rotated side of
the spine in a slowly advancing manner
working from outside in toward the apex
(Figure 2). To avoid point loading, we
tightened the Crickets differentially, back
and forth, creating a zipper effect to correct
the spinal curvature slowly in all 3 planes.
Postoperative Evaluation
We conducted postoperative radiographic
measurements on full-length (36-inch)
AP and lateral radiographs obtained at
1, 3, 6, 12, and 24 months. Qualitative
assessment included descriptions of
radiolucencies, graft consolidation, and
possible development of pseudarthrosis.
Quantitatively, we measured the following
parameters: Cobb angle of the proximal
thoracic, MT, and LT curves; cervical
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Figure 3. Case 1. A 15-year-old girl presented with a Lenke 1BN curvature. A, On the preoperative anteroposterior radiograph, her rightsided main thoracic (MT) curve was 43°. B, On the preoperative lateral radiograph, additional measurements included a pelvic incidence
(PI) of 57°, lumbar lordosis (LL) of 77° (PI-LL mismatch of 20°), thoracic kyphosis (TK) of 23°, and sacral slope of 58°. C, On the
postoperative anteroposterior radiograph, the MT was 4°, a 91% correction. D, On the postoperative lateral radiograph, TK was improved
to 33°; sagittal vertical axis, to 0.2 mm; LL, to 56°; and PI, to 56°.

lordosis; TK; LL; and SVA. At 1-month
and end-point follow-up, we performed
additional measurements of the SS, PT,
rod contour (radius of curvature), coronal
alignment, and radius curvature of the rods.

SVA, to 0.2 mm; LL, to 56°; and PI, to 56°
(PI-LL mismatch of 0°). She appeared to
be balanced coronally (0 mm). Soft-tissue
silhouettes revealed chest and abdominal
symmetry. Clinically, the preoperative rib
hump was no longer present.

CASE 1
A 15-year-old girl presented with a Lenke
1BN curvature (Figure 3). Radiographs
revealed spondylolysis at L5 with a concomitant
grade 1 spondylolisthesis. Soft-tissue
silhouettes revealed chest and abdominal
asymmetry. Preoperatively, her right-sided
MT curve was 43°. Additional assessment
included a PI of 57°, LL of 77° (PI-LL
mismatch of 20°), TK of 23°, and SS of 58°.
According to the surgical technique
described, we performed a posterior spinal
instrumented fusion with pedicle screws from
T2 to T12. Postoperatively, the MT was
4°, a 91% correction. TK improved to 33°;
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CASE 2
A 17-year-old girl presented with a Lenke
1A+ AIS right-sided MT curve of 52°
(Figure 4). TK was 56°, LL was 83°, and
PI was 56° (PI-LL mismatch of 27°).
Clinically, the patient’s right shoulder
was higher than her left at standing
examination. We performed posterior
spinal instrumented fusion from T4 to L1.
Postoperatively, the MT was 6°, an 88%
correction. TK was 29°, and the PI-LL
mismatch was 1°. Clinically, her shoulders
appeared to be level.

DISCUSSION
Investigators repeatedly have shown that
adaptations of pedicle screw fixation for
AIS deformity correction address the
coronal curve with greater success than
have previous methods. The use of pedicle
screws permits fixation to all 3 columns of
the spine.3,14,15 Pedicle fixation has been a
popular adjunct to surgical treatment of
AIS, but study results have shown a loss of
TK with use of segmental pedicle screws
compared with results with previous
techniques.2,16-18 New techniques in recent
years have improved derotation of thoracic
scoliosis. Earlier instrumentation techniques,
including Harrington rods and Luque rods,
did not address the rotational component
of spinal deformity adequately and left the
patient in need of a rib resection or
thoracoplasty to decrease the magnitude of
the rib hump. Some newer pedicle
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Figure 4. Case 2. A 17-year-old girl received a diagnosis of a Lenke 1A+ adolescent idiopathic scoliosis curvature. A, On the preoperative
anteroposterior radiograph, her right-sided main thoracic (MT) curve was 52°. B, On the preoperative lateral radiograph, thoracic

kyphosis (TK) was 56°, lumbar lordosis was 83°, and pelvic incidence was 56°. We performed a posterior spinal instrumented fusion
from T4 to L1. C, On the postoperative anteroposterior radiograph, the MT was 6°, an 88% correction. D, On the postoperative lateral
radiograph, her TK was 29°.

instrumentation systems can reduce the
need for rib resection procedures.4,5
However, derotation procedures used with
pedicle screw systems can be difficult and
cumbersome and can flatten out the TK.3,16,17
Investigators in few studies have evaluated
the clinical consequences of hypokyphosis
in AIS. Thoracic hypokyphosis directly
or indirectly influences junctional
alignment, LL, pulmonary function, and
the patient’s perception of deformity.27-30
Corrective strategies to address TK in
patients with AIS have included in situ
rod bending, rod rotation, rod cantilever,
DVR, and compression and distraction
of rod segments.3,19,20 However, thoracic
hypokyphosis and inability to improve the
rib hump significantly may persist after
deformity correction.4,5,21
We used a combination of differential rod
bending and different metals to perform a
dual rod correction of the AIS deformity. In

both case examples, we achieved adequate
corrections in the coronal, sagittal, and
axial planes. We corrected the MT curve
coronally from 43° to 4° (91%) in case
1 and 52° to 6° (88%) in case 2. With a
specific focus on restoring anatomical TK,
we corrected the PI-LL mismatch to less
than 2° in both cases, successfully restoring
sagittal balance. Similarly, for axial plane
correction in both patients, we completely
reduced the preoperative rib hump.
Specifically, sagittal balance is an extremely
important aspect of the upright adult
posture and adult spinal deformity, and its
importance in the adolescent is becoming
more obvious. Investigators have described
the relationships among the overall sagittal
balance, the spinopelvic measurements,
and radiographic measurements in the
lumbar spine (PI, PT, SS, and LL).3,10,1618,31
A greater understanding of spinal
sagittal balance in AIS has increased the

surgical objective among scoliosis surgeons.
Traditionally, the prevention of flatback
syndrome (a common consequence of
scoliosis surgery resulting in a poor sagittal
profile) has been focused on spinal fusions
that extend into the lumbar spine.10,31
However, little discussion has been focused
on what the thoracic fusion’s sagittal profile
effect would be on an unfused lumbar spine,
as is often the scenario after posterior spinal
fusion for AIS. As demonstrated in the 2
patients presented, we corrected the TK
to allow for an improved LL relationship
to the PI (PI-LL mismatch <10°). Most of
the lumbar spine was not involved in the
fusion construct, yet improvement in the
TK allowed for improvement of the LL,
resulting in improved sagittal balance, as
described by Legaye et al.10
There is still much to learn regarding
the role of spinopelvic parameters and
the pathogenesis of the thoracic spine in
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AIS. The relationship of the PI with the
SS and PT has been well established.10,31
However, it is still unclear how these pelvic
parameters directly relate to the curve
type in AIS. Mac-Thiong et al16 evaluated
lateral radiographs obtained in 160 patients
with AIS and were unable to determine
a direct relationship between the PI and
TK. Although they observed significantly
increased PI in patients with AIS compared
with that in historical controls, they
could determine no link between the
sagittal spinopelvic morphology and AIS
pathogenesis in the thoracic spine.
Abnormal sagittal pelvic morphology
might alter loads applied to the spine and
affect the progression of AIS. However, the
effect of postoperative TK in patients with
AIS affects the unfused LL. Newton
et al17 found that a decrease in postoperative
TK in Lenke type 1 curves significantly
correlated with a decrease in LL. This
finding suggests that preservation of TK
may be critical in preventing iatrogenic
loss of LL.
The rib hump traditionally has been a main
concern for patients with a diagnosis of AIS.
Investigators have tried thoracoplasty or
DVR with use of all pedicle screw constructs,
but these methods have not improved the
rib hump greatly.4,5,32 With the use of en
bloc DVR in 72 patients with AIS, Mattila
et al5 were not able to improve the
preoperative rib hump significantly 2 years
postoperatively. Similarly, using DVR,
Hwang et al4 were able to achieve an
average of 54% rib prominence improvement
in 148 patients with AIS at a minimum of
2 years postoperatively. Samdani et al32
observed similar rib deformity correction
with the use of thoracoplasty and DVR in
patients with a mild rib prominence (<9°),
and patients with a large prominence
required additional thoracoplasty. We
observed complete resolution of the rib
hump clinically, but we did not measure
the finding with a scoliometer pre- or
postoperatively. We currently are working
on digitizing Perdriolle’s scale24 to apply as
a standardized, objective measure of axial
plane correction.
For our described method, the material
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properties of the concave and convex rods
were critical in performing the differential
rod bending technique to achieve our goal
of ideal correction in the coronal, axial, and
sagittal planes. In 2009, Hayashi et al33
described techniques of differential
bending of the rods and rails, but literature
regarding the use of different rod materials
is scarce. Initial attempts at derotations
have resulted in a loss of kyphosis, which is
associated with proximal junctional
kyphosis and reduced LL.16-18
Both steel and Ti rods can flatten during
insertion and rod derotation maneuvers.
Using 2 steel rods, Cidambi et al3 found
that overcorrecting the concave rod by
approximately 20° resulted in a high degree
of correction in the coronal and axial
planes without loss of sagittal alignment.
Given the findings of this study, we
similarly overcontoured the concave rod
by approximately 20° to achieve deformity
correction. The described differential
bending technique includes an initial
cantilever push against the apex of the
curve with a flattened convex softer rod
that acts as the axis of rotation.
We then applied rotation round this
axis (the convex rod) by using Cricket
reducers on the concave stiffer rod. Thus,
translation coupled with rotation causes
the apex of the curve to rotate up to the
concave rod, while simultaneously the
stiffer concave rod flattens partially as
correction is obtained and the softer rod
flexes to match the stiffer concave rod into
the ideal sagittal alignment.
For this study, we used a stiffer metal (CCr)
for the concave rod, and we stepped down
a grade for the convex rod (Ti). The Young
modulus value for CCr (240 GPa) is more
than 2 times the value for Ti (115 GPa).2,34
Thus, we attempted to underbend the
convex (softer metal) rod and overbend the
concave (stiffer metal) rod to achieve and
maintain correction in all 3 planes.
Monazzam et al2 worked to identify factors,
including types of metal rods used, that
are important to restoring TK during
instrumentation for AIS. They determined
that the type of rod material was not

significant for thoracic hypokyphosis
correction. However, they used the same
metal for both rods in their constructs.
In our cases to date, we have observed TK
correction with the use of different metals
for the concave (CCr) and convex (Ti)
rods. During the differential rod bending
technique, the goal is that the softer
convex metal rod matches the sagittal
plane of the stiffer overbent concave rod.
The concave rod is overbent to allow for
the expected loss of degree of bending in
the sagittal plane during correction, while
the convex rod is underbent to act as an
axis of rotation; the difference in metals
allows the sagittal alignment to match
between the 2 rods after correction of the
coronal and rotational deformity.

CONCLUSIONS
We present a systematic clinical approach
and subsequent surgical technique to
address the 3D deformity often seen in
AIS. Through the use of surgical planning
software, we measured radiographic
parameters to develop calculated templates
for analysis of best-fit models by using
spinopelvic measurements to determine
appropriate sagittal plane correction
consistent with HRQoL end points, as
well as length of instrumented constructs.
Differential overbending the CCr concave
rod and underbending the Ti convex rod
allows for the softer convex rod to match
the sagittal plane of the stiffer concave
rod while acting as the axis of rotation
to achieve derotation of the rib hump
deformity in AIS. Thus, we were able
to correct the coronal, sagittal, and
axial deformity successfully in patients
with AIS.
References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.
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INTRODUCTION
A wide variety of surgical procedures have
been recommended for the open treatment
of acromioclavicular (AC) separations,
with more than 100 different procedures
reported in the literature.1 Weaver and
Dunn2 first described the most common
procedure in 1972. Several modified
versions of this procedure have arisen
since then and have become the standard
for surgical care of AC dislocations—

namely, coracoclavicular (CC) and AC
joint reconstruction by using soft-tissue
grafts. The original procedure consisted of
resection of the distal end of the clavicle
with transfer of the coracoacromial (CA)
ligament to the intramedullary shaft of
the distal portion of the clavicle. The
advantage of this technique is that it
circumvents AC fixation, thus reducing
the chance for the development of arthritic
disease around the AC joint.3 Furthermore,
the transferred CA ligament reconstitutes
the damaged CC ligament complex.
Subsequent modifications to this procedure
have included the addition of screws or
heavy sutures to protect the reconstructed
CC ligament complex,4 as well as the more
recent use of autogenous hamstring tendons
as a replacement for CA ligament transfer.5
Although nonoperative treatment often
is considered the standard of care for
type I and II AC joint dislocations,2 the
treatment of type III injuries remains
controversial. This discrepancy is because
unlike in type I and II injuries, in type III
injuries there is concurrent rupture of the
CC ligaments with loss of vertical stability
and complete dislocation of the lateral

clavicle. Data on surgical management of
this disease are increasing, but it remains
unclear whether the risk for complications
and postoperative outcomes seen with
surgical intervention are superior to
continued conservative management.
This retrospective study serves to determine
the success of a modified Weaver-Dunn
procedure by using suture augmentation in
restoring stability and function in patients
for whom conservative treatment for type
III AC separations had failed.

MATERIALS AND METHODS
We reviewed patient charts in 16 consecutive
patients over a 3-year period who experienced
traumatic grade III AC dislocations and
for whom conservative management had
failed. Failed conservative management
consisted of continued pain despite a
minimum of 3 months of physical therapy
and a cortisone injection into the AC
joint. The minimum follow-up was 2 years
after surgery, and average follow-up in
these 16 patients was 3.5 years after surgery.
There was no incidence of obesity or
other major medical comorbidities, and
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Figure 1. Excision of 6 to 8 mm of the distal portion of the
clavicle is performed at the beginning of the Weaver-Dunn
procedure for chronic type III acromioclavicular joint separations.

Figure 2. The coracoacromial ligament is mobilized from the

Figure 3. Five braided monofilament sutures are passed around
the coracoid process behind the coracoid attachment of the
coracoacromial ligament.

Figure 4. Nonabsorbable sutures in the coracoacromial ligament are
passed through the small drill holes at the cut end of the clavicle while
held reduced, and then braided absorbable sutures are passed through
the larger clavicle hole to hold the clavicle in a reduced position.

no patients were smokers. No patients had
prior injuries or surgeries in the affected
shoulder before sustaining AC joint injury.
We examined radiographs obtained at
latest follow-up to assess stretching out
of the reconstruction. In addition, we
assessed patient pain levels with a visual
analogue scale (VAS) pain scale and asked
patients whether they felt the results of
surgery were satisfactory or unsatisfactory
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acromial end to its origin with passing of nonabsorbable, braided
sutures through the free cut end.

based on alleviation of prior symptoms and
return to previous levels of functioning.
We performed no power analysis or formal
statistical comparisons with preoperative
data measures in this purely observational
study. The reporting of research on human
subjects was within the accordance of the
institution’s (University of Manitoba)
ethical standards and institutional review
board assessment.

The senior surgeon (P.B.M.) performed
the modified Weaver-Dunn procedure
in patients who were anesthetized and
oriented in the supine position. The
surgeon made the skin incision from the
posterior border of the AC joint toward the
coracoid process and detached the deltoid
from the outer one-third of the clavicle to
expose the acromion and distal portion of
the clavicle. After exposing the acromion

Table 1. Postoperative Outcomes

VARIABLE

NO. (%) OF PATIENTS

Clicking in shoulder

4 (25.0)

With any pain on VAS

4 (25.0)

Stretching out of graft

8 (50.0)

With mild or severe pain on VAS

7 (43.8)

With no pain on VAS

1 (6.2)

Maintenance of reduction

8 (50.0)

With severe pain on VAS

1 (6.2)a

Unsatisfactory result

6 (37.5)a

With stretching out of graft

5 (31.2)a

With any pain on VAS

5 (31.2)a

Satisfactory result

10 (62.5)

With stretching out of graft and mild pain on VAS

2 (12.5)

With stretching out of graft and no pain on VAS

1 (6.2)

Failures

9 (56.2)

Included the patient who was receiving workers’ compensation.
Abbreviation: VAS, visual analogue scale.
a

and the distal portion of the clavicle, the
surgeon exposed and carefully preserved
the remnants of the AC ligament, joint
capsule, and intra-articular meniscus of
the distal portion of the clavicle. The
surgeon divided the soft tissues attached
to the distal portion of the clavicle into
2 flaps, removed the meniscal remnant,
and resected approximately 6 to 8 mm of
the distal portion of the clavicle taking
care to preserve the adjacent soft-tissue
attachments to the clavicle and acromion
(Figure 1).
The surgeon exposed the CA ligament and
detached it from the acromion by means of
subperiosteal dissection. The surgeon
divided the acromial end of the CA
ligament and mobilized it to its origin from
the coracoid by using nonabsorbable,
braided sutures passed through the free
cut end (Figure 2). The surgeon braided
5 absorbable monofilament sutures together

and passed them around the coracoid
process from medial to lateral behind the
coracoid attachment of the CA ligament
(Figure 3). The surgeon made 3 small drill
holes in the dorsal surface of the cut end
of the distal portion of the clavicle, with
1 larger hole drilled more medially. The
surgeon passed the nonabsorbable sutures
in the CA ligament through the smaller
drill holes and sutured the CA ligament into
the cut end of the clavicle while it was held
reduced. The surgeon then passed the braided
absorbable suture through the larger hole
in the clavicle and tied it to hold the
clavicle in a reduced position (Figure 4).
The surgeon reattached the deltoid muscle
and tendon and closed the wound.

RESULTS
The patient group consisted of 12 men
and 4 women; 7 injuries were in the left
extremity, and 9 were in the right. The

average patient age was 31.6 years (range,
19-40 years), and the average follow-up was
42 months (range, 24-72 months). Eight
patients were injured while participating
in athletic activities; 4, during motor
vehicle accidents; and 4, in falls. All
patients had chronic AC separations that
had failed conservative management,
and they presented for initial orthopedic
consultation in a delayed fashion. The
average time from injury to surgery was
17 months (range, 12-23 months). Original
patient presentations included pain,
clicking, instability, swelling, difficulty
sleeping on the side, and weakness. All
patients also had positive piano-key signs
(depression of the clavicle when pressure
is applied and elevation of the clavicle
when pressure is released), and we noted
increased CC distances in comparison
with the contralateral side on radiographs.
The modified Weaver-Dunn procedure
was performed satisfactorily in all patients
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with adequate postoperative reduction of
the joint as defined by a lack of superior
displacement of the distal portion of
the clavicle in relation to the acromion
(reduced AC joint).
In 8 cases (50.0%), there was stretching
out of the reconstruction, defined as
displacement of 1 complete width of
the clavicle as measured by means of
conventional radiography. In terms of VAS
pain scores, 8 patients had no pain, 4 had
mild pain, and 4 had severe pain; 1 of the
4 patients with severe pain was receiving
workers’ compensation. Four patients
(25.0%) had clicking in their shoulder, and
6 patients (37.5%) rated their results as
unsatisfactory. On the basis of clinical and
radiological results, there were 9 failures
secondary to loss of reduction or pain
(56.2%) and 7 successful cases (43.8%)
defined by reduced AC joint, lack of pain
as measured with the VAS, or shoulder
clicking (Table 1).

DISCUSSION
AC separations originally were classified
as grades I, II, and III in the 1960s.6,7
Rockwood8 modified this classification
system in 1984 to allow for a more clear
differentiation between AC injuries that
required surgical treatment and those that
warranted conservative treatment. This
modification led to the inclusion of type IV,
V, and VI separations. Type I and II injuries
can be treated conservatively because they
retain an intact deltotrapezial fascia and
relatively functional CC ligament complex.
However, type IV, V, and VI AC injuries
generally require surgical intervention to
correct the anatomical disruption caused
by detached deltotrapezial fascia and
complete destruction of the AC and CC
ligament complexes.9
Unlike treatment for the other 5 types,
the treatment of acute grade III AC
separations remains controversial,
especially concerning the indications for
surgery. Investigators in 2 studies have
reported good results with nonoperative
management.10,11 Many studies in which
the investigators have compared operative
and nonoperative treatments have failed to
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document superior results after surgery.12-16
Ceccarelli et al17 analyzed multiple
randomized controlled trials and systematic
reviews in which the investigators
compared nonoperative with operative
treatment for grade III AC injuries and
found comparable results between the 2,
with a higher incidence of complications
in the surgical group. Hootman18 identified
24 studies of AC dislocation and reported
that patients treated both surgically and
conservatively reported similar overall
satisfactory outcomes (88% surgical vs
87% conservative) and rates of little to no
pain (93% vs 96%) but that conservative
treatment led to a higher rate of normal
to near-normal range of motion (86% vs
95%) and normal strength (87% vs 92%).
Bannister et al12 also noted that patients
with type III AC separations who were
treated conservatively had an earlier return
to sports and regained motion faster than
did those treated operatively.
Similarly, MacDonald et al19 suggested that
nonsurgical treatment of type III AC
separations was superior compared with
surgical management in restoring normal
shoulder function in the first year after
injury. Likewise, Tibone et al20 reported
that strength and overall shoulder function
were not affected significantly in patients
treated conservatively for type III AC
separations as opposed to those treated
surgically. Cox21 reported that 86% of team
physicians and 72% of residency chairs
were treating type III AC separations
nonoperatively. In a systematic review of
the literature, Beitzel et al22 supported the
notion of at least initial nonoperative
management of grade III AC separations
for a recommended 3 to 4 weeks before
reevaluation of clinical symptoms; some
patients will improve, and others will
continue to have persistent pain and
inability to return to sports or work and
then may benefit from operative intervention.
Our findings are in line with those in the
current literature in that they suggest
that one-third of patients would have the
surgery performed again, but two-thirds of
patients either sustained graft elongation
or had continued pain postoperatively.

This discrepancy highlights the need for
investigators in future studies to explore
different reconstruction techniques and to
determine which patients may benefit most
from surgical intervention.
Not all patients experience successful
outcomes with conservative treatment.
Some authors have reported unsatisfactory
results in as many as 20% of patients
treated conservatively (from “benign
neglect” to closed treatment with a
thoracobrachial cast and elastic clavicular
strap) for grade III AC separations.11,23
These unsatisfactory results included
instability, residual pain, weakness,
cosmetic deformity, and loss of shoulder
movement.24 Press et al25 reported that
in comparison with patients treated
operatively, patients with grade III
separations who did not undergo surgery
had inferior results in terms of time to
resolution of pain; subjective impression
of pain; functional limitations; range of
motion; cosmesis; long-term satisfaction;
and absolute values for peak torque, work,
and power in tested motions. In addition,
Dawe26 reported that in a series of 30
patients with grade III AC separations
treated nonoperatively, almost 50% had
sufficiently severe pain to give up contact
sports or change jobs. Thus, even authors
who advocate a nonoperative approach
often recommend that surgical repair be
considered for certain subgroups of patients
such as those who are young and athletic or
those who perform heavy labor.
The theory behind the modified WeaverDunn procedure maintains that initial
stabilization of the distal portion of the
clavicle by means of augmentation with a
synthetic suture eventually may lead to
stabilization by biological tissue. The
weakness of the procedure lies in the fact
that the biological tissue substitute (CA
ligament) is not as strong as the original
construct of the distal portion of the
clavicle because 1 ligament is essentially
replacing 3. Investigators in more recent
biomechanical studies have shown the
modified Weaver-Dunn technique with
synthetic sutures to be the weakest of
several AC reconstruction techniques,

especially when compared with anatomical
reconstruction techniques with use of free
tendon grafts.27-29 Results from several
clinical and radiographic outcome studies
have supported the findings found in the
laboratory by showing the superiority of
anatomical AC joint reconstruction with a
soft-tissue graft as opposed to a synthetic
ligament,30 synthetic loop augmentation,31
or tension band wiring.32 This series suggests
that postoperative failure due to graft
elongation is common after modified
Weaver-Dunn reconstruction for chronic
AC instability. This failure likely occurs with
the dissolution of the polydioxanone suture
and subsequent transfer of force to the
biological tissue, which may not be strong
enough to support the reconstruction.
Nevertheless, although stretching out was
common, some of these patients remained
satisfied despite many complaining of pain
and clicking, which may be due to partial
stability of the AC joint in addition to

the removal of mechanical impingement
through excision of the distal portion of
the clavicle. Ultimately, however, the
radiographically visible failures often
corresponded to clinical failures as well.
We propose that there may be a better
way of stabilizing the distal portion of the
clavicle and efforts should be made to
explore further options, such as a stronger
biological tissue, perhaps autogenous
hamstring tendon as a replacement for
CA ligament transfer.5,33
This study has some limitations.
Specifically, the lack of preoperative data
with which to compare the postoperative
findings limits an understanding of
the interval levels of improvement or
worsening in the postoperative course.
Objective measurements of CC distance
would have allowed for a quantifiable
definition of displacement and reduction
and a better description of stretching out as
was defined in the postoperative outcomes.

In addition, the basis of our information
was retrospective patient chart review
and did not provide us with complete
information relevant to the cases, such as
patient hand dominance. Finally, although
the objective of this observational study
was met, we performed no statistical
analyses to suggest further definitive
conclusions with regard to the effectiveness
of this procedure.

CONCLUSIONS
In this cohort, more than 50% of patients
undergoing modified Weaver-Dunn AC
reconstruction stretched out their
reconstruction and had recurrent pain at an
average 3.5 years of follow-up. Type III AC
separations remain a difficult problem, and
surgical treatment remains controversial.
References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.
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“…managing [these] tears depends on the characteristics
of the tear, age and functional demands of the patient,
and concomitant disease such as biceps tendonitis.”
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INTRODUCTION
Since they were first described by Andrews
et al1 in 1985, injuries to the biceps-labral
complex (BLC) increasingly have been
recognized as a cause of shoulder pain. Specific
lesions to the BLC, superior labrum anterior
to posterior (SLAP) tears are notoriously
difficult to diagnose and treat. SLAP tears
frequently coincide with other shoulder
disease, such as rotator cuff tears, biceps
tendonitis, and subacromial impingement
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syndrome. There has been a significant
increase in the reported incidence and
surgical treatment of SLAP tears.2
Most surgeons believe that SLAP tears arise
from superior migration of the humeral
head, biceps tension, or peel-back as a
result of internal impingement.3 Since first
classified by Snyder et al,4 modifications5
define 7 distinct pathologic variants, with
the most common variant the type II SLAP
tear (Figure 1). Our understanding of the
role of the superior labrum in glenohumeral
stability remains limited.
Diagnosing a SLAP tear on the basis of
history and physical examination alone
is a clinical challenge. Deep, posteriorsuperior shoulder pain is the most common
symptom; however, the pain is often
variable and nonspecific.6 Although SLAP
tears can result from traction injury or
a fall on an outstretched arm, overhead
athletes often present with more insidious

symptoms or a SLAP prodrome.7-10 Physical
examination tests used to diagnose
SLAP tears include the O’Brien active
compression test11 and the O’Driscoll
dynamic shear test.12,13 Most tests for
superior labral disease lack sensitivity,
specificity, and accuracy.14-16 Magnetic
resonance arthrography is the reference
standard imaging modality for diagnosing
SLAP lesions and is highly sensitive and
specific (>95%); however, long head of the
biceps tendon (LHBT) lesions within the
bicipital tunnel are identified poorly with
magnetic resonance imaging (Figure 2).17-21
We determine clinical management of
SLAP tears according to the characteristics
of the tear, the age and functional demands of
the patient, and the presence of coexisting
shoulder disease. When nonoperative
treatment fails, surgical options include
SLAP debridement, SLAP repair, biceps
tenotomy, and biceps tenodesis (Figure 3).22-26
In the appropriate patient, we sometimes

A

B

Figure 1. Superior labrum anterior to posterior (SLAP) tear in an overhead athlete. A, View from a posterior portal demonstrates a
normal glenoid (letter G) and biceps-superior labral complex (letter B). The anterior labrum is marked with the letter L. B, With a probe
inserted from the anterior portal, the biceps-labral complex is elevated off the superior glenoid to demonstrate a type II SLAP tear (arrow).

elect to perform SLAP repair in combination
with biceps tenodesis. We present an
evidence-based analysis that synthesizes
basic science and clinical evidence of the
role of the superior labrum in glenohumeral
stability and the role of SLAP repair and
biceps tenodesis in the management of
symptomatic SLAP tears.

THE SUPERIOR LABRUM AND
GLENOHUMERAL STABILITY
We do not yet know exactly how the
superior labrum confers glenohumeral
stability. Our limited understanding of its
function is derived largely from cadaveric
studies. In these studies, the glenohumeral
joint with a simulated type II SLAP tear
has demonstrated small but statistically
significant increases in anterior-posterior
and superior-inferior translation, suggesting
a role of the superior labrum in maintaining
glenohumeral stability.27-31 However, repair
of SLAP lesions in simulated cadaveric
models does not appear to restore normal
glenohumeral stability regardless of anterior
capsular laxity.27,30-32 Cadaveric models are
limited by inconsistencies in capsulolabral
anatomy and the size of simulated type II

SLAP lesions in different studies, which
can affect the degree of glenohumeral
translation.28-30,33 Furthermore, the effect
of dynamic components of glenohumeral
stability such as the rotator cuff and other
in vivo variables cannot be evaluated
effectively in cadaveric studies.

compensation. These patients often
complain of recalcitrant pain and stiffness
postoperatively.34-36 Salvage options in
these cases typically are limited to biceps
tenodesis because study results suggest
revision SLAP repair is associated with
poor outcomes.23,37-39

Strauss et al27 used computer-aided design
to simulate anterior and posterior type II
SLAP lesions in cadaver shoulders. They
found increased glenohumeral translation
in all planes and discovered that biceps
tenodesis did not worsen abnormal
glenohumeral translation further. Repair of
posterior SLAP lesions along with biceps
tenodesis restored abnormal glenohumeral
translation with no significant difference
from the baseline in any plane of motion.

New data suggest that primary tenodesis of
the LHBT may be an effective alternative
in specific patients, including those with
concomitant biceps tendonitis or those
who are manual laborers.40-42 Gupta et
al42 retrospectively analyzed 28 patients
(mean age, 44 years) with symptomatic
SLAP tears and biceps tendonitis treated
by means of primary open subpectoral
biceps tenodesis; they demonstrated
significant improvement in functional
outcome scores and produced good patient
satisfaction. Boileau et al40 prospectively
followed 25 patients with type II SLAP
tears treated with either SLAP repair or
primary arthroscopic biceps tenodesis.
There were significantly higher satisfaction
scores and return to preinjury activity level
in the biceps tenodesis group compared
with results in the SLAP repair group.
However, the group assignments were

BICEPS TENODESIS AS A
TREATMENT FOR SYMPTOMATIC
SLAP TEARS
Study investigators generally report
good outcomes after SLAP repair, but
these outcomes are substantially worse
in patients older than 35 years, overhead
athletes, and patients receiving workers’
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not randomized, and the decision for
SLAP repair was based solely on patient
age, leading to substantial selection bias.
In contrast, Ek et al41 retrospectively
compared patients undergoing SLAP repair
and biceps tenodesis for type II SLAP
tears and found no significant difference
in functional outcome scores, return to
preinjury activity level, or complications
despite a significant difference in age.
Deciding between SLAP repair and biceps
tenodesis for type II SLAP tears includes
consideration of patient age, occupation,
activity level, concomitant disease,
and workers’ compensation status.40,42-46
Although controversial, primary isolated
biceps tenodesis is our choice in patients
older than 40 years, patients receiving
workers’ compensation, and especially
patients with concomitant biceps tendonitis.

BICEPS TENODESIS WITH
CONCOMITANT SLAP REPAIR
Although recent data may suggest that
primary biceps tenodesis alone is an
effective treatment for SLAP tears in

specific patients, we do not know whether
concomitant SLAP repair in selected
patients will improve results.40-42 At our
institution, we sometimes elect combined
biceps tenodesis and SLAP repair in patients
with symptomatic SLAP tear and biceps
tendonitis who may be affected by the
potential microinstability present in the
setting of a SLAP lesion that is not repaired.
We evaluated 86 patients with symptomatic
SLAP lesions with or without biceps
tendonitis who underwent SLAP repair
alone (n = 45), biceps tenodesis alone
(n = 23), or combined SLAP repair and
biceps tenodesis (n = 18). There were no
significant differences in rates of return to
preoperative activity level among the
groups. Patients who underwent combined
tenodesis and SLAP repair demonstrated
poorer functional outcome scores than did
patients who underwent tenodesis or SLAP
repair alone, even when we controlled for
workers’ compensation status. Although this
is a limited data set, it provides the first
evidence demonstrating worse functional
outcome scores with the combined procedure.47

Figure 2. Coronal T2-weighted noncontrast material–enhanced

magnetic resonance image demonstrating superior labrum anterior
to posterior tear (arrow).
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BICEPS TENODESIS AND FAILED
SLAP REPAIR
Failed SLAP repair results in continued
shoulder pain and inability to return to
the previous functional level,22,38 and
results of revision SLAP repair are poor.37,48
Biceps tenodesis demonstrates good clinical
outcomes after a failed SLAP repair.38-40,49
McCormick et al38 prospectively evaluated
42 patients (mean age, 39.2 years) who
underwent biceps tenodesis for failed type
II SLAP repairs. There was a significant
improvement in functional outcome
scores and postoperative shoulder range
of motion at a mean follow-up of 3.6 years.
In a retrospective cohort study, Gupta et
al39 demonstrated significant improvements
in clinical outcome scores in 11 patients
(mean age, 40 years) who underwent
open subpectoral biceps tenodesis for
failed SLAP repair without complications
or need for revision. Werner et al23
retrospectively evaluated 17 patients
(mean age, 39 years) who underwent biceps
tenodesis for failed SLAP repairs and also
demonstrated significant improvements in
functional outcome.

Figure 3. Intraoperative view from the posterior portal with
patient in the beach chair position. Biceps tenotomy being
performed before tenodesis in the setting of symptomatic type II
superior labrum anterior to posterior lesion (arrow) in a patient
with concomitant biceps tendonitis.

To our knowledge, there are no high-quality
studies in which investigators have compared
revision SLAP repair to biceps tenodesis for
the management of failed SLAP repair.23,37-39,48
Future studies must foster our understanding
of these injuries. At our institution, we
routinely perform biceps tenodesis in the
setting of failed SLAP repairs because we
believe the results are more predictable.

SLAP MANAGEMENT IN THE
OVERHEAD THROWING ATHLETE
Overhead athletes (especially pitchers)
deserve special attention given their unique
shoulder mechanics and high clinical
expectations. The baseball pitch is the
fastest described human motion, often
exceeding 7000º per second, placing forces
on the shoulder often exceeding 1000 N.50
SLAP tears might occur in pitchers from
tension during the deceleration phase or
peel-back during the late cocking phase
of throwing, possibly exacerbated by
microinstability or posterior capsular
contracture in the setting of glenohumeral
internal rotation deficit.1,51,52 Because
some SLAP tears are asymptomatic, these
lesions may be physiologic adaptations to
overhead throwing kinematics, so surgeons
should be cautious regarding SLAP repair
in this setting.53
The most common failure of SLAP repair
in overhead athletes is inability to return

to play because of continued pain, loss of
range of motion, or changes in shoulder
proprioception.54 In a 2010 systematic
review, Gorantla et al35 pooled outcomes
from studies in which the investigators
evaluated return to preinjury level of
play after SLAP repair and demonstrated
a rate of 64%, with rates as low as 7%
when overhead athletes specifically were
evaluated.35,55 Nonoperative management
also has poor return-to-play outcomes.56
Open subpectoral biceps tenodesis has
demonstrated excellent clinical outcomes
in patients with primary LHBT disease and
also has demonstrated good outcomes after
a failed SLAP repair.39,40,49 When compared
with SLAP repair, biceps tenodesis has
demonstrated equivocal clinical and returnto-play outcomes.40,41,57 However, results
from a recent motion analysis study at our
institution demonstrated that pitchers
who underwent biceps tenodesis had more
normalized physiologic pitching mechanics
than did those who underwent SLAP
repair.54 Overall, although biceps tenodesis
may be an appropriate treatment for
patients with SLAP tears and concomitant
biceps tendonitis,42 further study is needed
to determine the appropriate surgical
management strategy for overhead athletes.
Thus, surgeons should approach operative
treatment cautiously and only after an
initial trial of physical therapy.

CONCLUSIONS
The BLC is a relatively common source of
disease in the painful shoulder; however,
it does not have a clearly identified role
in shoulder stability. Managing SLAP
tears depends on the characteristics of the
tear, age and functional demands of the
patient, and concomitant disease such as
biceps tendonitis. We recommend SLAP
repair as the treatment of choice for type
II SLAP lesions in young, active patients
without associated biceps tendonitis who
have a mechanical rationale explaining the
cause of the tear. We recommend biceps
tenodesis over SLAP repair when biceps
tendonitis is present; for management of
failed SLAP repairs; in relatively older, less
active patients; and in patients receiving
workers’ compensation. Although primary
biceps tenodesis for management of SLAP
tears in overhead athletes may be a viable
alternative treatment, further study is
needed to determine clinical outcomes.
Investigators in future studies must
evaluate outcomes comparing SLAP repair
and biceps tenodesis for type II SLAP tears
in different patient populations to refine
the current decision-making algorithm for
SLAP tears.
References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.
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“Surgical familiarity through increased operative experience with
the minimally invasive surgery technique resulted in significant
decreases in operative time, estimated blood loss, intravenous
fluid administration, and duration of anesthesia.”
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INTRODUCTION
As minimally invasive surgery (MIS)
techniques become more popular, the need
to understand factors that characterize
proficiency in these procedures becomes
paramount. Current study results support
that mastery of the open technique is
necessary to perform an MIS transforaminal
lumbar interbody fusion (TLIF) successfully.1
However, investigators in few studies have
attempted to characterize the learning curve
for MIS TLIF. Proficiency measurements
are characterized by plateaus in operative
time, blood loss, accuracy of pedicle screw
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placement, and intra- and postoperative
complications.2 Most study investigators
examining the surgical learning curve
detail a single surgeon’s experience and
use small patient populations.3
Conclusions drawn from these analyses
agree that additional studies with larger
patient samples are necessary to contribute
meaningful data to the growing literature
of the surgical learning curve.4,5
MIS TLIF is a viable alternative to
the open procedure with less disruption
of spinal anatomy.6-8 Clear indications
or contraindications for the MIS
approach may lie in the comfort and
proficiency of the particular surgeon.9
Investigators in a limited number of
studies have examined the learning
curve for MIS TLIF and reported
reduced operative time, visual analogue
scale pain scores, estimated blood
loss (EBL), and complication rates.10-13
In this study, we attempt to add to
the growing literature of the surgical
learning curve on the basis of 1 boardcertified, fellowship-trained spine
surgeon’s experience.

MATERIALS AND METHODS
After institutional review board approval
(ORA 10101108), we retrospectively
reviewed the senior author’s (K.S.)
prospectively maintained surgical
repository. Before the first MIS TLIF case
of this series, the senior surgeon underwent
the following training: an orthopedic
surgery residency, spine surgery fellowship,
3 years of clinical practice using traditional
open techniques, and self-taught MIS
techniques on cadaveric specimens.
We identified the first 100 patients
undergoing MIS TLIF. We excluded
patients by using the following criteria:
revision cases, multilevel procedures, and
use of alternative biologic agents. These
exclusions resulted in 65 consecutive
patients undergoing primary 1-level MIS
TLIF. All patients underwent MIS TLIF
for degenerative disc disease or grade I
or II spondylolisthesis with stenosis. We
divided the 65 patients into 2 equal,
sequential cohorts: patients 1 to 33 and
patients 34 to 65. All patients underwent
at least 1 year of follow-up with computed
tomography (CT) analysis. We compared

Table 1. Baseline Characteristics

CHARACTERISTIC

PATIENT NUMBER

Age (years, mean [SD])

P Value

1 to 33
(n = 33)

34 to 65
(n = 32)

59.3 [10.7]

54.2 [15.5]

Sex, No. (%)

.260
.267

Female

20 (60.6)

15 (46.9)

Male

13 (39.4)

17 (53.1)

Smoking status, No. (%)

.224

Nonsmoker

27 (81.8)

21 (65.6)

Smoker

6 (18.2)

11 (34.4)

Diagnosis, No. (%)

.260

Degenerative disc disease
Spondylolisthesis
Comorbidity burden (CCI, mean [SD])

3 (9.1)

6 (18.8)

30 (90.9)

26 (81.2)

1.6 [0.9]

2.6 [0.6]

.119

Abbreviation: CCI = Charlson Comorbidity Index.

demographic characteristics, including age,
sex, smoking status, operative diagnosis,
and comorbidity burden, as assessed with
the Charlson Comorbidity Index, between
cohorts. Table 1 presents the baseline
characteristics of both patient groups. We
then analyzed complications, including any
intraoperative, in-hospital, or postoperative
event that required return to the operating
room or additional intervention (eg,
deep vein thrombosis). We obtained
perioperative variables from the patient
chart, as recorded by the surgical nursing
staff, and anesthesia records.
Operative Technique
The surgeon used a unilateral approach
with the Wiltse technique through a
paramedian (4.5 cm lateral to the midline)
skin incision. With fluoroscopic guidance
and after incision of the skin and fascial
layers, he developed a plane between
the multifidus and longissimus muscles,
whereby he enlarged the pathway to the
spine by using sequential dilators. He used
a high-speed burr to remove the facet
and pars. After identifying the entirety of

the exiting and traversing nerve roots, he
used a high-speed burr to complete the
laminectomy. He collected a local bone
graft, obtained from the laminectomy
and facetectomy, in a bone trap. Under
fluoroscopic guidance, he identified the
interbody space. He used sequential end
plate cutters to prepare the end plates.
He filled an appropriately sized cage
(Concorde; DePuy Spine, Raynham,
Massachusetts) with either 4.2 mg (small
kit) or 12 mg (large kit) of recombinant
human (rh) bone morphogenetic protein
(BMP)-2 (Infuse; Medtronic, Minneapolis,
Minnesota), along with 5 mL of bone
marrow aspirate from the cannulated
pedicle and local bone graft. He used BMP
as an off-label application. He also placed
local bone anterior to the cage in the
intervertebral space.
The surgeon then gently impacted the cage
obliquely into the intervertebral space. He
placed unilateral pedicle screws
percutaneously over a guide wire. He
placed a rod percutaneously through a
separate stab incision and brought it into
the gap between the screw heads and

locking nuts. He confirmed the rod’s course
by using anteroposterior and lateral
fluoroscopy. Once the screws were in place,
he compressed them along the rod and
tightened the nuts by using a torque wrench.
He placed compression across the graft and
closed the wound in layers. He performed
the laminectomy, bilateral decompression
of the spinal canal, and TLIF with a 21-mm
nonexpandable tubular retractor. He did
not perform posterolateral fusion and
preserved midline muscular and ligamentous
structures during the procedure.
Primary Analysis
We compared the first 33 patients with
the second 32 patients according to
perioperative outcomes measures: operative
time (minutes), EBL (mL), intravenous
(IV) fluids administered during the
operation (mL), length of hospital stay
(days), and anesthesia time from intubation
to extubation (minutes). In addition, we
compared intraoperative and postoperative
complications (infection, implant failure,
cage migration, and so on) between the
2 study groups. We also recorded adverse
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events, such as neuroforaminal bone
growth, related to the rhBMP-2 bone graft.
Lastly, we used CT scans at 12-month
follow-up to assess for arthrodesis.
We assessed the need for reoperation
between cohorts.
To assess for arthrodesis, we obtained CT
scans (BrightSpeed Elite; GE Healthcare,
Fairfield, Connecticut) with contiguous
2.0-mm axial cuts perpendicular to
the disc space (along with sagittal and
coronal reconstructions) at the operative
level 6 and 12 months postoperatively.
Arthrodesis was defined by the CT scan
demonstrating the following criteria:
contiguous bridging bone on 3 consecutive
coronal and sagittal reconstructions within
the intervertebral space, as well as no
evidence of subchondral cysts, end-plate
sclerosis, or haloing around the interbody
cages or pedicle screws.14 We also used
CT scans to determine any adverse events
specific to the rhBMP-2, such as ectopic
muscle ossification, laminar bone regrowth,
neuroforaminal bone growth, and intra- or
extradural ossification.
Statistical Analysis
We used Excel 2007 (Microsoft, Redmond,
Washington) for data management and

SPSS version 17.0 (Graduate Package;
SPSS, Chicago, Illinois) for statistical
analysis. We evaluated descriptive and
frequency statistics. We used a t test to test
for significance between the 2 cohorts.
Because of the skewed nature of several
peri- and postoperative variables, we used
a Fisher exact probability test to evaluate
differences between nonparametric data.
We used the Pearson correlation coefficient
to characterize the relationship between
case number and perioperative outcome
measures. We deemed differences between
groups to be statistically significant at a
P less than .05.

RESULTS
We observed no differences in patient
baseline demographics between cohorts.
The patients’ ages ranged from 26 to
79 years, with mean ages of 59.3 and
54.2 years for the first and second groups,
respectively (Table 1).
Mean operative time, EBL, IV fluid
administration during the operation, and
duration of anesthesia were significantly
longer in the first cohort (P < .05) (Table 2).
We observed no significant differences in
length of hospital stay or complication rate
between cohorts. The first cohort experienced

Surgical Time by Patient Number

8 complications consisting of 2 incidental
durotomies, 4 cases of implant screw
displacements (3 lateral wall breaches and
1 medial wall breach), 1 epidural hematoma,
and 1 case of interbody graft migration.
The patient who sustained a medial wall
breach underwent immediate revision
surgery 2 days after the index operation.
The second cohort experienced
6 complications including 2 incidental
durotomies, 2 cases of implant screw
displacements (lateral wall breaches),
1 epidural hematoma, and 1 early surgical
site infection (SSI) (Table 2). The patient
who developed the early SSI returned to
the operating room on postoperative day 3
for irrigation and debridement of the
wound infection. No persistent dural leaks
were identified in either group. The
Pearson correlation coefficient
demonstrated that the case number was
associated with decreased operative time
(r = −0.44; P < .001) (Figure 1), EBL
(r = −0.50; P < .001) (Figure 2), duration
of anesthesia (r = −0.41; P = .001)
(Figure 3), and IV fluid administration
(r = −0.42; P = .001) (Figure 4).
We ascertained graft-related neuroforaminal
bone growth in 4 patients, 2 in each
cohort (P > .999). Overall, 2 patients

Estimated Blood Loss by Patient Number

Surgical Time (min)

Patient Number

Figure 1. Learning curve graph based on operative time plotted
against patient number.
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r = –0.50
P < .001

Estimated Blood Loss (mL)

r = –0.44
P < .001
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Patient Number

Figure 2. Learning curve graph based on estimated blood loss

plotted against patient number.

Duration of Anesthesia (min)

r = –0.41
P < .001

IV Fluids During Surgery by Patient Number

Patient Number

Patient Number

Figure 3. Learning curve graph based on duration of anesthesia

plotted against patient number.

in each cohort required reoperation to
address surgical complications. In addition
to the aforementioned reoperation
cases, 2 patients in each cohort required
reoperation (ventral laminoforaminotomy)
for pseudarthrosis causing pain and
disability. Lastly, 12-month CT scan
results demonstrated a 93.9% and 93.8%
arthrodesis rates for the first and second
patient cohorts, respectively.

DISCUSSION
Perioperative characteristics associated
with MIS TLIF primarily depend on
the surgeon’s experience and level of
comfort with the procedure. Attempts at
an assessment of the learning curve are
sparse in the surgical literature. Although
investigators in several studies have
examined the surgical learning curve for
various orthopedic procedures, few have
determined the steep surgical learning
curve associated with MIS TLIF.10,15
Investigators in several studies assert that
trends toward better clinical outcomes
are observed with an increased number
of cases.16 In an attempt to construct a
learning curve model, we analyzed several
peri- and postoperative variables associated
with 1 surgeon’s experience with MIS
TLIF procedures.

r = –0.42
P < .001

IV Fluids During Surgery (mL)

Duration of Anesthesia by Patient Number

Figure 4. Learning curve graph based on intravenous (IV) fluid
use plotted against patient number.

The results of the current study indicate
that significant advances in intraoperative
characteristics occur as a surgeon becomes
more comfortable with the new MIS
technique. We observed improvements
in operative time, EBL, duration of
anesthesia, and IV fluid administration
between the first and second cohorts.
The surgeon gains efficiency as he or she
becomes more familiar with the surgical
anatomy observed through the constrained
operative window of the tubular retractor
system. The current study is 1 of the largest
learning curve analyses for 1-level MIS
TLIF, and our results corroborate those of
several smaller studies.
Neal and Rosner3 examined the learning
curve of a single resident’s experience
with 28 patients undergoing minimal
access TLIF. Although there was a trend
toward decreases in operative times with
an increase in case number, the results
did not differ significantly between the
2 cohorts (P = .25). Lee et al10 reported
the learning curve associated with
60 1-level, 13 2-level, and 13 1-level
plus adjacent level decompression MIS
TLIFs for various spinal diseases. The
authors noted a reduced operative time,
EBL, and visual analogue scale pain scores
between early and late cohorts. Lee et al11

demonstrated a reduced operative time,
duration of fluoroscopy exposure, and
patient-controlled analgesia use between
the first and second halves of a 90-patient
consecutive sample of patients undergoing
1-level MIS TLIF. The authors also
observed a trend toward reduced EBL in
the second cohort, although it was not
statistically significant. In addition, Park et
al12 demonstrated a reduced complication
rate as the surgeon gained experience with
the MIS TLIF technique. Although these
results corroborated those observed in this
study, the variability among diseases
included and the operative requirements
associated with multilevel techniques
observed in these studies are several reasons
for additional assessment of the learning
curve in a more focused population.
The peri- and postoperative results of this
study are similar to those of other studies
on the MIS TLIF operative technique.
Scheufler et al5 reported an average
operative time of 104 minutes and an
average total blood loss of 55 mL across
53 patients treated with MIS TLIF. In
addition, the authors reported a single
case of dural violation during spinal
decompression and no cases of implant
fracture or loosening, loss of correction, or
interbody cage dislodgement or subsidence
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within the entire 16-month observation
period.5 Beringer and Mobasser4 reported
on a series of 8 patients undergoing
unilateral pedicle screw MIS TLIF with a
mean operative time of 160 minutes and
a mean EBL of 100 mL. Postoperatively,
there were no cases of radiculopathy or
malpositioned screws. One patient required
removal of pedicle screw instrumentation
because of muscle spasms and pain.4
Investigators in various studies have
reported on the surgical learning curve of
other spinal surgeries. McLoughlin and
Fourney17 assessed 52 patients undergoing
MIS microdiscectomy with a tubular
retractor system, demonstrating that by
case 15, operative time had reached a
steady state of 60 minutes. Hyde and Seits18
retrospectively reviewed extreme lateral
interbody fusion results in 78 consecutive
patients in terms of perioperative and
follow-up outcome measures. The authors
noted a trend toward reduced EBL and

operative time over the course of the
operations; however, they observed no
significant difference when they compared
the first 10 patients with the last 10
patients. The authors concluded that there
may have been a learning curve associated
with the procedure, despite the lack of
statistical significance. Because average
operative time and EBL were low at the
onset of the study, there was not much
deviation from these numbers.

second cohort, we observed 2 incidental
durotomies, 2 cases of implant screw
displacements (lateral wall breaches),
1 epidural hematoma, and 1 early SSI.
Although these differences were not
significant (P = .672), the potential for
implant screw displacement is a common
complication noted throughout a surgeon’s
experience. Our analysis corroborates
results from previous studies in which
the investigators reported no observable
differences in 12-month arthrodesis
rates and reoperation rates between the
early and later cohorts. Proper end-plate
preparation, cage sizing, and the use of
osteobiologic adjuvants may minimize the
risk of pseudarthrosis.19

The occurrence of intra- and postoperative
complications did not differ between
the early and late cohorts in the current
study. Similar intraoperative complication
rates observed between the early and late
cohorts exemplify the intrinsic difficulty
of the MIS TLIF procedure. Postoperative
complications in the first cohort included
4 cases of implant screw displacements (3
lateral wall breaches and 1 medial wall
breach), 1 epidural hematoma, and 1
case of interbody graft migration. In the

The senior surgeon has adopted several
changes to his practice to address the
complications demonstrated in this study.
At the time of this study, he sometimes
used a large BMP kit; however, he currently
uses an extra small BMP kit. In addition,

Table 2. Perioperative Variables

VARIABLE

PATIENT NUMBER

P Value

1 to 33
(n = 33)

34 to 65
(n = 32)

Operative timea (minutes)

124

98

<.001b

Anesthesia durationc (minutes)

182

154

<.001b

IV fluids during surgery (mL)

2089

1703

.004b

Estimated blood loss (mL)

176

85

<.001b

Length of hospital stay (days)

2.4

2.3

.643

Complications,d No. (%)

8 (24.2)

6 (18.8)

.672

Neuroforaminal bone growth, No. (%)

2 (6.1)

2 (6.2)

>.999

Reoperation, No. (%)

2 (6.1)

3 (9.4)

.672

Arthrodesis, No. (%)

31 (93.9)

30 (93.8)

.119

Time from cutting open the skin to sewing it back up.
Statistically significant.
c
From induction to extubation.
d
Complications included incidental durotomy (n = 4), implant screw displacement (n = 6; 5 lateral wall breaches and 1 medial wall
breach), interbody graft migration (n = 1), early surgical site infection (n = 1), and epidural hematoma (n = 2).
Abbreviation: IV, intravenous.
a

b
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the senior surgeon now uses contralateral
fixation in patients in whom arthrodesis
failed, those with dynamic or higher grade
spondylolisthesis, or those with a large
disc space. There is some variation in
operative times in our analysis; Neal and
Rosner3 speculated that as a surgeon gains
familiarity with the narrower operative
window, the surgeon may attempt more
challenging cases, resulting in the variation
observed. The more difficult cases also
translate to slight increases in operative
time; our analysis demonstrates this same
effect with a small increase in operative
time. We attribute this increase to surgeon
familiarity with the MIS anatomy, resulting
in more thorough decompression and endplate preparation, 2 rate-limiting factors of
the technique.
Finally, the generalizability of the learning
curve involves several surgical factors,
including the number and frequency of
cases, surgeon training before technique
implementation, prior or concurrent
exposure to alternative MIS techniques,
the use of navigation, mean patient size,
disease severity, and various hospital
factors. This study is a reflection of
1 surgeon’s progression in his experience

with MIS TLIF and, therefore, may not
apply to all surgeons adopting MIS
spine surgery.
There are several limitations to the current
study. First, the surgical experience is
limited to that of a single surgeon at a
single academic institution. Future studies
should attempt to correlate a surgical
learning curve for multiple surgeons at
multiple institutions. Second, the use of
unilateral pedicle screw instrumentation
and lack of posterolateral fusion is 1
of several strategies that can be used
to perform the MIS TLIF technique.
This variation in technique can lead to
variability in reports of operative time and
EBL and may increase the rate of clinically
symptomatic pseudarthrosis. Lastly, our
analysis is retrospective, which carries
inherent bias. We attempted to reduce
this bias by excluding revision surgeries
and multiple-level fusions. Strength in our
analysis lies in the objective measurement
of blood loss via a suction canister that
directly collects operative blood both
directly and from the surgical sponges used
in the operative field. We also used factors
that were neutral in terms of surgeon
bias, including recorded operative times

(recorded by the nursing staff), anesthetic
times (recorded by the anesthesiologist),
and intraoperative fluid parameters
(indirect measure of operative time and
blood loss).

CONCLUSIONS
On the basis of our study results, the
learning curve for MIS TLIF appears
to be objectively reproducible. Surgical
familiarity through increased operative
experience with the MIS technique
resulted in significant decreases
in operative time, EBL, IV fluid
administration, and duration of anesthesia.
We observed a slight increase in operative
times during the surgical evolution that
may be attributable to surgical familiarity
with the operative anatomy, resulting
in more thorough decompression and
end-plate preparation. Lastly, our results
indicate that the potential for intra- and
postoperative complications, inherent in
all surgeries, seems to be present regardless
of a surgical learning curve.
References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.
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Religious, mystical, and superstitious beliefs
highly influenced the treatment of spinal
disorders in ancient Egypt and Babylonia.
Nevertheless, the Ebers Papyrus and the
Edwin Smith Papyrus (Figure 1) describe
surgical techniques and associations
between spinal injury and dysfunction.1
Some Egyptian mummies show signs of
spinal surgery. However, it seems unlikely
that operative treatments were common,
especially given the following passage from
the Babylonian Code of Hammurabi1:
…it is decreed that if a physician treats
a patient with a metal knife for a severe
wound and has caused the man to die—his
hands shall be cut off.
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Figure 1. The Edwin Smith Papyrus documents spinal care in ancient times.

Greek physicians began to take a more
scientific approach to neurological
symptoms. Hippocrates sometimes
incorrectly distinguished ligaments from

nerves, but he attributed neurologic
symptoms to spinal cord compression for
which he prescribed rest, massage, heat,
diet, and music.2,3

Roman physician Celius Aurelianus
described spinal anatomy; detailed
accounts of sciatica; and recommended
treatments, including leaches, coals, and
bloodletting.4 Arabic and Turkish texts also
included signs and symptoms of sciatica
and recommended a variety of treatments.
Association of trauma and heavy lifting
with radicular pain was a theme of many
ancient texts.1

Figure 2. Domenico Cotugno first associated

sciatic pain with the sciatic nerve in 1764.

Domenico Cotugno (Figure 2) in his 1764
treatise, De Ischiade Nervosa Commentarius,5
first associated sciatic pain with the sciatic
nerve. However, the term sciatica predates
Cotugno and was used by Shakespeare
(Figure 3) to curse politicians, as in his play
Timon of Athens, act 4, scene 1: “Thou cold
sciatica, cripple our senators, that their
limbs may halt as lamely as their manners,”
and again in Measure for Measure, act 1,
scene 2: “How now, which of your hips has
the most profound sciatica?”
Another 18th century physician, Giovanni
Morgagni, known within Italy as the father
of pathological anatomy, associated sites
of spinal compression with the resultant
disease. He thought compressive growths
were tumors, although most likely he
was describing tuberculosis of the spine
(Pott disease).5 Rudolf Virchow, known
in Germany as the father of modern
pathology, and to his colleagues as the

pope of medicine (likely contested by
Italians), was most famous for describing
the Virchow triad of hypercoaguability. His
contribution to spinal surgery was the first
pathologic description of a herniated disc,
eponymously named and mischaracterized
as the Virchow tumor in 1857. French
physician Charles Lasègue described the
straight-leg raising test in 1864, although
he did not explain why this maneuver
elicited symptoms.6
During the late 19th and early 20th
centuries, the first spinal surgeries were
performed for disease of intervertebral
discs. The first laminectomy was reported
to have been performed in 1829.6 However,
the first discectomy was likely in 1909 by
German physician Fedor Krause for what
he determined was an enchondroma. He
performed this procedure on the basis
of the advice of neurologist Hermann
Oppenheim. The patient had immediate
pain relief.5 Joel Goldthwait, who
founded the Orthopaedic Service at the
Massachusetts General Hospital in 1899,
was, in 1911, probably the first physician
to record an association between disc
displacement and radicular symptoms.
In 1927, Christian Georg Schmorl first
used the term disc herniation, although he
did not assign it clinical significance. His
name is used to refer to intravertebral disc
herniation—a Schmorl node.7
Resistance to the idea that material in
the spinal canal originated from the
intervertebral disc and caused nerve
compression with radicular symptoms
diminished during the next 2 decades.
In 1927, Vittorio Putti published that
sciatic nerve pain was due to foraminal
nerve root irritation.8 Two years later,
Walter Dandy published 2 cases in
which he found “cartilaginous” fragments
in the spinal canal.9 At the 1928
Surgical Academy of Paris, Théophile
Alajouanine, the French neurologist
who also described the Foix-Alajouanine
vascular malformation of the spinal cord,
presented a case of sciatica and
postulated that the material was from
the nucleus pulposus rather than from
a tumor.10

He stated:
These nodules are neither tumors, chordomas,
nor fibrochondromas and are distinctly different
from chordomas. Basically, these are always
related to the intervertebral disc. We have
shown that these curious formations should
be considered to result from herniation of
the central pulp of the disc across the latter,
the hernia produced either by trauma or by
pathologic changes in the disc; in addition,
the effects of these two causes can be combined.

Arguments that sciatica was from other
sources, such as piriformis syndrome, and
that the masses observed in the vertebral
canal could be tumors persisted for a time.
In 1930, Paul Bucy, MD, published his
opinion that the masses were cartilaginous
neoplasms.11 In 1931, Octave Crouzon,
better known for the cranial disease named
for him, reinforced Alajouanine’s findings
that there were no physaliferous cells
histologically, indicating they were
not chordomas.12
Collaboration between neurosurgeon
William Mixter, MD, and orthopedic
surgeon Joseph Barr, MD, brought clinical
relevance to the postulate that the
cartilaginous material found in the spinal
canal caused radicular symptoms and
that this material originated from
intervertebral discs, not cartilaginous
tumors. In 1932, they performed the first
surgery with a preoperative diagnosis of
disc herniation. The procedure, a
laminectomy from L2 to S1 performed
in a 28-year-old man with radicular pain,
decreased reflexes, and a positive straightleg raising test, completely relieved his
symptoms. On the basis of the temporal
association between trauma and his
symptoms, as well as histopathologic
findings in the excised tissue being almost
identical to disc material removed from
cadavers at autopsy, Mixter and Barr
concluded that this patient’s symptoms
were due to a herniated disc. They
presented their findings at the
Massachusetts Medical Society and
published in the New England Journal of
Medicine in 1934. Their surgery involved
wide exposure, bilateral paraspinal muscle
dissection, laminectomy, and removal of
disc fragments.13-15
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The surgical technique remained relatively
unchanged and gained popularity such that
it was one of the most common orthopedic
and neurosurgical procedures performed in
the 1960s and 1970s. During this era of the
disc, success from removing disc material
that was causing clinically concordant
radiculopathy encouraged surgeons to try
widening the indications for the procedure.
The expected consequence of less stringent
indications is diminished quality of results
in terms of percentage of happy patients.
The indications for disc surgery came to
encompass the concept of discogenic pain,
meaning pain arising from the disc that is
not from nerve root compression and does
not necessarily involve disc herniation. An
early proponent of this theory was the
Australian Harry Crock, MD, and the
disease sometimes was called a Crock disc.16

The idea that simple, partial removal of
nuclear material would succeed for such
patients was not tenable, theoretically or
empirically. For such internally deranged
discs, more thorough removal of intradiscal
contents and interbody fusion held out the
promise of helping some patients who
presented with such symptoms. The problem
was—and continues to be—distinguishing
patients who would benefit from such a
procedure from those who would not.
Discography grew out of the need to make
that distinction, but the value of the
procedure in predicting surgical outcome
has remained controversial.
As with any disease that gains recognition
within the medical community and
popularity with the media, a number
of alternative treatment options have
flourished. One such treatment was

Figure 3. William Shakespeare used the term sciatica in the 17th century.
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intradiscal injection of chymopapain,
an enzyme derived from papaya that
theoretically dissolved the nucleus without
harming the annulus. Developed in 1963
by Chicago orthopedic surgeon Lyman
Smith, MD, chemonucleolysis became a
popular alternative to surgery.17 Although
many patients experienced excellent
results, there were reports of serious adverse
effects of hemorrhage, pain, allergic
reactions, and even paralysis.18 Smith was
restricted temporarily from administering
his own substance because he violated
protocol by administering an injection a
second time on a later date in a Chicago
White Sox third baseman.19 Sale and
distribution of chymopapain ceased in the
United States in 2003, though it is still
available elsewhere.20 There has been a
renewed interest in chemonucleolysis with
current research into developing equally
effective but less toxic substances.
Improved methods of imaging paralleled
the development of treatment modalities.
The first medical use of X-rays was in 1896
by Wilhelm Roentgen. In 1918, Walter
Dandy, MD, imaged the spinal canal by
using injections of air. In 1922, French
physicians Jean-Athanase Sicard and
Jacques Forestier began using injections of
lipiodol, a nonhydrosoluble fluid, to depict
blockages in the spinal canal.21 As with
many scientific advances, this one was
discovered by accident. Sicard typically
injected lipiodol into lumbar muscles for
pain relief. A medical student was said to
have accidently pushed the needle into
the spinal canal; after berating the student,
Sicard decided to X-ray the spine and
discovered myelography. Another version
states that it was Forestier himself who
performed an errant injection, and the
error was slightly less egregious because his
intended location was the epidural space.22
Soon after the introduction of lipiodol
as an adjuvant to imaging, the tilting
table was invented, allowing inversion
so contrast material traversed cranially
through the spinal canal. However, lipiodol
caused arachnoiditis, so removal of the
agent was important but challenging. By
the 1960s, nonionic water-soluble contrast

Figure 4. The orthopedic spine team at Rush University Medical Center, from left to

right: David S. Cheng, MD; Frank M. Phillips, MD; Kern Singh, MD; Edward J. Goldberg,
MD; Gunnar B. J. Andersson, MD, PhD; April M. Fetzer, DO; Howard S. An, MD; and
David Fardon, MD. Not pictured: Matthew W. Colman, MD; and Christopher DeWald, MD.

materials became popular because they did
not cause arachnoiditis and obviated the
difficult extraction process.23

by Weinstein et al28 have demonstrated the
effectiveness of surgery in the treatment of
disc disease for properly selected patients.

Discography, the injection of contrast
material into the disc space, was first
described by K. Lindblom in 194824 and
refined when computed tomography came
into medical use in the early 1970s.25 By
the 1980s, magnetic resonance imaging
superseded computed tomography as the
preferred imaging modality to detect disc
displacement, given its sensitivity, lack of
ionizing radiation, and noninvasiveness.

Our understanding of the human
intervertebral disc has progressed greatly
and continues to evolve. The physicians
and basic scientists at Rush have
made and continue to make important
contributions to this progress. Howard
An, MD, has made important advances
related to disc disorders in both the basic
science and clinical realms. He led a team
of researchers—Koichi Masuda, MD;
Gabriella Cs-Szabo, PhD; Yejia Zhang,
MD, PhD; Ana Chee, PhD; Gunnar B. J.
Andersson, MD, PhD; Hee-Jeong Im, PhD;
and Eugene J-Ma Thonar, PhD—whose
contributions have been acknowledged
by the prestigious Kappa Delta Award for
their project: Intervertebral Disc Repair
or Regeneration by Growth Factor and/
or Cytokine Inhibitor Protein Injection.
Gunnar B. J. Andersson, MD, PhD, has
been a longtime deputy editor for Spine,
the journal that has published the most
advanced knowledge regarding discs, and
has made numerous contributions to the
understanding of the biomechanics of
the disc. One of the most basic elements,

Initial conservative treatment for discrelated symptoms has been substantiated
by research results demonstrating that
extruded discs can regress. In basic science
studies, investigators have elucidated
the molecular basis of pain generation.26
In addition, we now understand a wider
spectrum of risk factors for herniation,
and genetic factors have been found to
play a large role.27 Imaging has advanced
such that detailed depiction of the disc is
possible preoperatively so that surgery is no
longer exploratory and can be performed
with microscopy or other magnification and
limited incisions. Studies such as the Spine
Patient Outcomes Research Trial published

agreement on the terminology used to
identify various disc disorders, has been
addressed by a multidisciplinary task force
led by David Fardon, MD.29 Christopher
DeWald, MD, carries on a family tradition
of spine surgery at Rush, where his father
Ronald DeWald, MD, was among the first
to incorporate inclusion of the discs as a
component of correcting spinal deformity.
Edward J. Goldberg, MD, brought
specialized training and techniques in
cervical disc surgery to the Department
of Orthopedic Surgery at Rush. Frank M.
Phillips, MD, and Kern Singh, MD, are
at the forefront of minimally invasive
adaptations to disc surgery, and Matthew
W. Colman, MD, is among the few surgical
specialists in oncologic manifestations of
disease that affects the spine. Physiatrists
April M. Fetzer, DO, and David S. Cheng,
MD, both add expertise in spinal injections
and electrodiagnostic testing to the
orthopedic spine team.
In addition to their own credits, the
contributions of the orthopedic spine
faculty members at Rush (Figure 4) include
the work of the residents and fellows they
have trained, who are practicing in spine
care in various roles throughout the world.
For patients who require an operation
as part of their care, surgical procedures
for treatment of disc disorders provide
proven results, and our doctors continue
to advance the field of lumbar disc science
and surgery so that our patients and the
patients of those we have trained receive
the best in spinal care.
References and financial disclosures
are available online at
www.rush.edu/orthopedicsjournal.
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Higher Learning
Good medicine and good teaching are inextricably linked; in fact, the word doctor comes from the Latin
docere, “to teach,” and doctor in Latin literally means “teacher.” Since the inception of the Department of
Orthopedic Surgery at Rush, the faculty has been committed to advancing education on all fronts—from
the clinics, operating rooms, and labs, to the local, national, and international communities. In the pages
that follow, orthopedic surgeons Edward J. Goldberg, MD; Simon Lee, MD; Brett Levine, MD, MS; and
Anthony A. Romeo, MD, write about why education is integral to their practices, and how Rush is preparing
the orthopedic specialists of the future to be outstanding diagnosticians, surgeons, investigators, and—of
course—teachers.
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Bedside Manner
Taking surgical education beyond the operating room
EDWARD J. GOLDBERG, MD; SPINE SURGEON

To operate or not to operate. I think
an essential part of being a successful
orthopedic surgeon is knowing when to
operate. It might seem paradoxical that we
surgeons often recommend nonsurgical
therapies. But those determinations—who
will and who won’t benefit from surgery—
affect outcomes, and we always want to
achieve the best outcomes for our patients.

That’s why the educational opportunities
we provide to our residents and fellows are
geared toward enabling them to become
not just extraordinary surgeons, but
extraordinary diagnosticians. It’s great if a
resident or fellow gets to be part of 50 hip
replacements or discectomies during his or
her time here. But when our trainees go out
and set up their own practices, they need,
first and foremost, to understand when it’s
appropriate to do the procedures.
Learning at the bedside. Our residents

and fellows spend a good deal of time in the
attending physicians’ offices and clinics—

often as much time as they do in the
OR. The attendings have them evaluate
patients, do histories and physicals, and
come up with clinical diagnoses. Then we
have them correlate the symptoms with the
patient’s diagnostic films.
For instance, the patient may say, “I have
sciatica.” But is it lumbar sciatica? Is there
a tumor in the pelvis or arthritis of the hip?
When patients come to you, they’re just
describing symptoms. The physician acts
as a detective and tries to figure out what’s
causing those symptoms.
The residents and fellows go through this
process by themselves and bring everything
to their attending physician. Then we
evaluate the patient together. Once we’ve
confirmed the diagnosis, we discuss the
options. Has the patient already received
appropriate medical treatment—physical
therapy, injections, medications, and so on?
Are there other medical therapies worth
trying? Is the patient a good candidate

for surgery? If we decide surgery is the
best option, we then discuss what is the
appropriate procedure and why.
In addition to doing initial evaluations,
our residents and fellows spend a lot of
time with patients after their surgeries.
This enables them to get direct feedback
about the procedures, the recovery process
and the level of pain, what issues or
complications arose, etc.
The benefit of experience. What’s great
about the Section of Spine Surgery is
that we have David Fardon, who doesn’t
operate anymore but operated for longer
than any of us current spine surgeons. The
residents and fellows love him because he
doesn’t talk about all the new implants and
gadgets. He talks about why the patient
is here and discusses possible diagnoses
and conditions that could mimic this one.
He really gets the residents and fellows
to think creatively and come up with
differential diagnoses. The same was true
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of Gunnar Andersson, a world-renowned
spine surgeon who conducted a nonsurgical
spine practice from the time he stopped
operating until his recent retirement.

lot to the patients. My residents and fellows
get to see good customer service every day,
and my hope is that they will apply it to
their own practices.

Our trainees also benefit from the skills
and varied perspectives of the two
board-certified physiatrists in our
department, April Fetzer, DO, and David
Cheng, MD, who both have expertise in
spinal injections and electrodiagnostics.

The other thing I try to teach about
rounding is that it’s a great way to get
everyone on the same page. After I round
with my resident and fellow, we talk to
the nurse practitioner and run through
the day’s plan—A, B, C, D, these are the
things we’re doing for this patient. So by
7:30 in the morning, everyone on my team
knows the entire plan, and then we tell the
patient what that plan is so there’s nothing
unexpected for anybody, no surprises. My
patients appreciate knowing what to expect
that day, and my team feels confident
because they have their marching orders.

Becoming well-rounded. I round on my

patients every day, Monday through Friday,
without fail. It’s such a vital part of my
practice because I’ve found that spending
even 5 minutes a day in the patient’s
room—a brief period of face time—goes a
very long way. You’re taking patients who
are nervous or scared, who don’t know
what’s going to happen to them, and you’re
offering them comfort and reassurance.
I want my residents and fellows to see those
personal interactions and learn about the
importance of bedside manner, which is
one of the things I try to emphasize during
rounds. It doesn’t take a lot of effort to ask
how a patient is doing and if he or she has
any concerns, but that face time means a

The merits of mentoring. Mentoring is
important for putting out quality future
physicians, but it also inspires me to keep
learning and growing. If I’m teaching, I
need to stay current. You don’t do things
now the way you did them 15 years ago.
Medicine advances rapidly, and both the
technology and tools you use can quickly
become totally outdated.

Back when I trained—about a million years
ago—residents ran the show a lot more.
Although residents currently are given a
lot of autonomy, the attending physician
still supervises. It’s not like we tell them,
“Here, go do a 4-hour clinic and call me
for the 1 or 2 surgeries you pick up.” The
attendings are much more hands-on now.
Being a mentor means finding that balance
between educator and patient advocate.
You want to let your trainees blossom, and
that sometimes means letting them stumble
a little—just not to the point where it’s
detrimental to the patient.
Our orthopedic faculty take pride in
educating and mentoring, and we’re willing
to spend the time to do these things.
What’s interesting about the educational
experience here at Rush is that within all
of the subsections, you don’t have just one
physician; you have several at least. So
residents and fellows can learn different
approaches to a problem. They then can
choose what they like and, ultimately,
formulate their own styles.
Training for the future. At Rush, we
have a unique situation because our
orthopedic practice is private, but we are
still affiliated with an academic medical
center. So our residents and fellows get
to see how both a private practice and a
major medical center function. They get to
experience the day-to-day interactions with
patients, attendings, physician assistants,
nurse practitioners, nurses, trainees,
medical students, researchers, and support
staff. And they get to apply what they’re
learning to the care of actual patients. All
of these things are as important as learning
the nitty-gritty of musculoskeletal diseases
and injuries.

You want to send quality orthopedic
specialists out into the world. It’s a
reflection on you and your program. But
more important, you want to train the best
possible future physicians to take care of
patients long after you retire. That’s what
I hope my legacy will be.
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A Cut Above
Training the next generation of orthopedic surgeons
SIMON LEE, MD; FOOT AND ANKLE SURGEON

The evolution of surgical training.

Traditionally, surgical training has followed
the mantra of “see one, do one, teach one.”
Trainees were supposed to pick up things
very quickly and then jump in—feet to the
fire right away. Many surgeons felt that
residents and fellows were supposed to
learn by just being in the OR and observing
through osmosis, without any explanation
during the procedures of techniques or how
to use the instrumentation. That was the
old-school mentality.
Understandably, patients wouldn’t appreciate
that approach. People want to know that
their surgeon has a significant amount of
experience and has the ability to do a good
job every single time. So today, orthopedic
surgery training isn’t sink or swim; the
emphasis is on development and gradual
improvement of surgical skills. Residents
and fellows do a lot more simulation and
skills labs than we did when I trained.
The importance of being current.

Working with residents and fellows

definitely keeps you on your toes. It’s
essential to stay current because orthopedics
is one of those fields that’s going to be
vastly different every 5 years. Things
evolve that fast in our specialty.
For instance, during my fellowship in
2002 and 2003, the surgeons were just
starting to do total joint replacement in
the ankle: I think I saw maybe 8 to 12
of them. Our newest foot and ankle
surgeon, Kamran Hamid, just finished his
fellowship year at Duke University School
of Medicine, and he probably had observed
200 total ankles.
When I was training, before coming
to Rush, the worst experiences for me
were operating with surgeons who were
performing techniques or doing things how
they were trained, whether it was 10, 20,
or 30 years ago. And when you tried to ask
why they were doing it this way and about
some of the newer techniques that had
been described, they gave you one of those
rote answers: “Well, this is how I’ve always

done it, and this always works, so why
should I change anything?”
I knew that was the exact opposite of what
I wanted in my own career. If a resident
or fellow comes to me with some new
literature or technique and says, “I read
about this the other day,” I want to be
the kind of mentor who says, “That’s an
interesting idea. Let’s talk about it. Let’s
think it through and compare it to what we
do now. How is that procedure different,
and what makes it a better technique?” I
never want my residents to say, “Wow, he’s
still doing things the same way as back
when he did residency or fellowship, and
he’s not open to new techniques.”
Model mentors. That open mindedness
and willingness to grow is something I saw
in my mentors, like foot and ankle surgeon
Armen Kelikian, with whom I trained
during my residency at University of
Illinois Medical Center from 1998 to 2002.
Dr Kelikian is probably not doing the same
things now that he did back then. While
A Cut Above
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he definitely emphasized basic skills and
basic knowledge, he was always willing to
try new things and keep up his skill set.
Similarly, the physicians I worked with
during my fellowship at Carolinas Medical
Center in Charlotte, North Carolina, are
constantly evaluating their treatments,
surgical procedures, and the efficiency of
their methods. And, of course, my partners
at Rush all have that same mindset: it’s
something we both practice and teach.
Fortunately, in foot and ankle surgery, there
are always multiple ways to tackle a specific
problem. So your training or experience
will often lead you to do something vastly
different than a foot and ankle surgeon at
the hospital just a few miles away. That
flexibility truly translates into being able
to teach basic skills and then look at a
problem and ask “How can we best solve
this?” There’s often more than one answer,
so I always try to discuss all of the options
with my residents and fellows.
Building a strong foundation. One of
the big things we’re seeing now is that
surgical equipment companies have started
changing their implants, hardware, and
equipment to make it easier for orthopedic
surgeons to perform certain procedures.
These advances help surgeons to feel more
comfortable treating certain patients than
they would have in the past. At the same
time, though, I believe surgeons need to
learn how to do these procedures start to
finish, without the shortcuts.

It’s like baking a cake. You can go to the
store and buy a pre-made cake, and you
just put the icing and candles on. But
what if there are times when you need to
know how to make a cake from scratch?
Equipment companies are basically giving
you the cake and saying “Here’s the icing to
decorate it,” when actually, you should be
able to do the whole procedure and not rely
on the equipment companies to get you
through a surgery.
For example, an orthopedic surgeon
should be able to reduce a fracture, or
put it back together, using the most basic
tools and instruments that are in any basic
orthopedic set. A lot of companies, though,
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have these special clamps or plates that do
certain portions of the procedures for you.
There will be situations, though, where you
can’t use the clamps or plates, and if you
don’t have a good understanding of how
to do the procedure any other way, you’ll
be stuck, and the patient may suffer. That’s
why I try to teach all the basics first—to
provide that foundational knowledge.
Then, you can build on that or deviate
from it if necessary.

know that we need to change how we’re
doing things.
One size doesn’t fit all. At Rush, we

for residents and fellows are very different
than when I trained. For starters, there is a
much bigger emphasis on precision. When
I was a resident, you might have a certain
fracture where 6 mm was an acceptable
displacement; now, it’s not even 1 mm.

have very high expectations for our
residents and fellows. But everyone is
different. Everyone starts from a different
place, and everyone learns differently. If
you aren’t willing to adjust both your
expectations and your teaching style, you’re
going to occasionally lose a resident who
just doesn’t respond well to you. As a
teacher, you have to be ready to work with
people who are slower or faster, more or less
proficient, and process and apply
information in different ways. Additionally
there is more emphasis on making sure all
trainees have a minimal and measurable
skill level to be competent surgeons.

There’s also a bigger focus on feedback and
follow-up. We can all think we’re doing
a great job, but how are we evaluating
performance once the patients leave the
hospital? There are a lot more metrics
now, whether you’re talking about imaging
studies or functional questionnaires to ask
patients how they’re performing and feeling
after surgery. You may think you did a great
job during the procedure, but what matters
is the end result: How is the patient doing?

As surgeons teaching future surgeons,
the two areas we’re always looking at are
knowledge—what you know and how
well you can convey what you know—and
how well you operate. Some surgeons are
brilliant, prolific researchers who publish
a lot of papers and book chapters, while
others are masterful technicians. It’s my
job to optimize these different strengths,
and help all of our trainees reach their full
potential.

Greater expectations. The expectations

These are all positive changes. We’re
holding ourselves more accountable. If we
have poor surgical outcomes or receive
negative feedback from our patients, we

Down to the Core
Preparing residents to practice at the highest level
BRETT LEVINE, MD, MS; ADULT RECONSTRUCTIVE SURGEON

A cohesive curriculum. A successful

orthopedic teaching program—especially
one that competes in the top tier—
provides opportunities for residents to
become experts in any of the orthopedic
subspecialties and also imparts a strong
“core” of knowledge that crosses and
transcends subspecialty interests.
Every summer at Rush, we announce
our year-long didactic schedule for
residents. It includes weekly lectures by
attending physicians; weekly socratically
formatted indications and surgical case
review subspecialty conferences; and a
weekly grand rounds/morbidity-mortality
conference. There is also a longitudinal
skills training program that teaches how
to cast, suture, template a hip or knee
replacement, and quantify spinal deformity.
As much as possible, we try to correlate
skills training with what’s being covered in
the lectures and grand rounds. For example,
if we discuss proximal humerus fractures
during the Monday night lecture, we try

to also have a shoulder topic—maybe the
rotator cuff—for the basic science lecture.
And then in skills training, we might focus
on arthroscopic knot tying. So the residents
are reading about the shoulder, hearing
about it in lecture, and doing skills training
that corresponds with shoulder surgery.
Because everything is tied together, the
residents don’t have to read a million
different topics at the same time, and it’s
easier to have case presentations during
the year, in which the residents present
cases to—and are critiqued by—a number
of faculty members. Case presentations are
great experiences for residents as they start
preparing for their boards: when they have
to discuss a case and answer questions for
the boards, it won’t seem so intimidating.
Narrowing the focus. The subspecialty

departments also hold several service-specific
individual lectures during their respective
rotation. For example, residents who are
on the hand service will go to only hand
lectures; they will not go to joint or trauma.

Unlike in years past at Rush, the entire
curriculum is predominately service
specific. We used to combine hand, and
foot and ankle in the same rotation; and
orthopedic oncology, pediatric orthopedic
surgery, and orthopedic trauma were
also bundled together. When I served as
residency director at Rush (from 2012 to
2015), I divided the subspecialities into
separate rotations, so the residents got to be
more focused during each one—they could
get a good grasp on each specialty before
they had to dive into another specific body
of knowledge.
The business of orthopedics. To help

prepare residents to be practicing physicians,
during my tenure as program director we
also held five additional nonclinical lectures
each year. I tried to cluster those toward
the end of the year when the residents were
getting ready for their fellowships.
We’d offer practice management lectures,
and we’d bring in a representative from
the liability insurance company to teach
Down to the Core
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how to deal with claims—and, more
important, how to avoid them—and to
discuss the different types of insurance.
We also brought in some of our attending
physicians who have MBAs to give lectures
on the business of orthopedics.
Many doctors aren’t aware of these
things as they begin their residency, but
I feel it’s important knowledge to have.
Sometimes our fellows attended these
lectures, too, because they were hungry
for the information. During the last five
weeks of my own residency, one attending
who was very interested in these topics set
up a program that included business- and
practice-related lectures. So I tried to
mimic that, because I thought it was a great
part of my training experience to share with
our residents at Rush.
Sharing expertise. At Rush, we try

to offer our trainees as many different
perspectives as possible. Residents are
invited to attend conferences and lectures
presented by our research faculty—who
are engaged in groundbreaking research
that plays a key role in advancing
treatment of musculoskeletal conditions—
and combined conferences with
our Rush colleagues in rheumatology
and neurosurgery.
Each year we also bring in two to four guest
lecturers from other institutions around
the country. We’ve had an excellent series
of lecturers come to Rush over the years
and share their insights and discoveries.
Howard An, who is himself a leader in
spine surgery, invites a spine lecturer once
a year. Every other year, we have an alumni
joint meeting and we invite a lecturer to
discuss joint replacement. As a bonus,
Jorge Galante, one of my mentors and a
world-renowned joint replacement surgeon,
usually comes in for that meeting. He’s able
to give our residents a fantastic historical
perspective on joint replacement. We
always have a graduation speaker.
And about five years ago, we started the
Gunnar Andersson lectureship to honor
Dr Andersson’s many contributions to
spine surgery and orthopedic research.
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Embracing change. What’s nice about our
program is that we’re willing to be flexible.
We make changes from year to year in
response to changes in what our residents
need to know—new treatment options,
diagnostic techniques, or measurements
of outcomes, for instance. We also tailor
certain components of the curriculum to
suit the personalities and particular talents
of the teachers and students.

Just as I made some changes when I first
became residency program director, the
curriculum today isn’t exactly the same as it
was under my tenure. Our current director,
Monica Kogan, is using her own insights
and expertise to keep growing and evolving
the program.
Measures of success. We have very high

expectations for our residents, we hold
them accountable, and they have risen
to all of the challenges we’ve set. One
of the biggest telling points is our
Orthopaedic In-Training Examination
(OITE) scores. The OITE assesses
orthopedic residents’ knowledge and
measures the quality of teaching within
an orthopedic program, and we’re currently
in the 90th percentile.
In addition, for a number of years, every
Rush-trained resident who has taken
ABOS (American Board of Orthopaedic
Surgery) boards has passed, and that tells
me we’re preparing our residents well.
I think all of our attendings sleep easier
knowing we don’t have to worry about
residents passing their boards. So the
proof is there, and I think that has a lot
to do with having a well-organized,
highly focused curriculum.
Open-door policy. It’s been rewarding

being able to help doctors get the jobs they
want, giving them guidance, and helping
them make decisions about their career
paths. Some of the residents come to me
with contracts to look at, and we review
the contract together and discuss different
options for them. Some of our residents
decide to go into academics, and they
come to me with questions about research
or teaching.

It’s exciting to be part of this time in their
lives—watching them go from being a
first-year resident to becoming significant
leaders in their practices because we helped
give them the tools they needed.
The residents complain a lot while they’re
here: It’s residency, they’re supposed to
grumble and moan. But years later, I still
receive emails and thank-you notes from
former residents saying, “I’m so glad I
trained at Rush. I never would have been
able to do these types of cases if it weren’t
for my training.”
Sharing in the success. For me, the best

thing about being residency director and an
attending physician in general is being part
of our residents’ lives. I’ve had residents
share the joys of weddings and births, and
the hardships of family members being sick
and passing away. It’s a very intense time
for them, and it’s an honor to be able to
help guide them through it, as my mentors
guided me. It’s a privilege to work with
such exceptional people and touch their
lives in meaningful ways.
Even though I’m no longer directing the
residency program, teaching remains a
priority for me. It’s important for those of
us who are practicing now to prepare future
generations of orthopedic specialists for
providing outstanding patient care—to
keep paying it forward.

Connecting the Dots
Teaching young clinicians how research can transform patient care
ANTHONY A. ROMEO, MD; SHOULDER, ELBOW, AND SPORTS MEDICINE SURGEON

Quest for knowledge. Our orthopedic

research program is very comprehensive
because our faculty are driven to answer
the questions that challenge us every
day—whether we’re in the operating room
or with patients in the office trying to
understand their problems.
Students, residents, and fellows play key
roles in all of our research endeavors. At
the same time that our trainees are learning
to be exceptional diagnosticians and
surgeons, they are also learning to identify
and conduct research studies to address
those nagging clinical questions. And they
are learning how to present and publish
their findings, so they’re contributing not
only to their own educations, but also to
the education of others in our field.
The roots of research. Advancing

patient care through research is one of the
foundational missions of the Department
of Orthopedic Surgery. Our first chairman,
Jorge Galante, was a world-renowned
physician-scientist who helped pioneer

cementless acetabular fixation and many
other joint replacement innovations. As
the chair of the department, he made the
conscious decision to recruit orthopedic
specialists who shared his passion for
research and education.
In fact, when Dr Galante was asked in a
2014 interview what he felt was his most
significant contribution to the field of
orthopedics, he said it was the opportunity
to create an environment where physicians
and scientists could work together to
address patient-oriented research issues.
He felt that having a strong research
enterprise would make it possible for our
department to deliver cutting-edge care on
a consistent basis.
Dr Galante set the tone, and his
successors—Gunnar Andersson and Joshua
Jacobs—have done an amazing job of
sustaining it. Each time we select a new
member for our practice, we’re looking
for individuals whom we believe will be
great clinicians and take excellent care

of patients. But in addition, and just as
important, we’re looking for individuals
with an intrinsic, self-motivated desire to
do research and teach.
Sparking an interest. It may be difficult

to motivate a student, resident, or fellow
to do research on platelets and to find out
whether or not growth factors work in a
test tube. That doesn’t sound very exciting.
It’s up to our faculty to connect the dots
between research and the clinical problems
that we are trying to solve.
A better approach is to explain that a
significant problem in orthopedics is the
healing of tendons down to bones and
that we believe the problem is not so
much mechanical as biological. If we can
figure out how to turn on the signals that
recruit the right cells and growth factors
to get those tendons and bones to grow
together, we can solve a lot of problems in
orthopedics. That explanation resonates a
lot more.
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The research our trainees participate in
may be on a very small area, and they may
not be able to see the clinical implications.
But the basic science and clinical work
they do provides building blocks that allow
us to help more patients become pain free
and return to function.
I believe that anyone who chooses to
become an orthopedic specialist does so
because of a desire to help people. It’s a
vitally important part of our role as mentors
to call upon that desire and to share with
these younger people how research that
seems to be removed from patient care
can actually play a role in people’s lives
in the future.
One of the greatest rewards in our practice
is when someone comes to us in a dire state
of pain and dysfunction, and we’re able
to change that person’s life in a dramatic
way. There’s no better motivation for doing
what we do than seeing a patient’s tears of
joy when he or she can function without
debilitating pain. We’re able to illustrate
for our trainees that many of those
moments were made possible by research.
Body of work. Recently we have seen an
evolution from the old-school approach
to research papers, in which the lead
author comes up with the idea and edits
the paper but leaves most of the work and
organization to the residents or fellows.

For myself and the other senior members in
our department, it’s not as important to be
first authors. But for these younger
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scientists, students, and doctors, there is
tremendous benefit if you know you can get
credit for your contributions. If they work
very hard to get the project done and do it
well, they are rewarded by having their
names on the front of the papers. That
recognition helps open up opportunities for
them as they progress with their education
and start going out into practice. That’s
how the mentorship model should work.
All in the presentation. Presenting
is an important part of any physician’s
education. If you look at the leaders of
almost any profession, one thing they
have in common is their ability to speak
publicly with intelligence and clarity
and to synthesize complex ideas into
principles that people understand. It’s
especially essential for trainees who
wish to be teachers and educators in the
future to clearly and concisely convey the
information related to their work.

Because it’s so important, the department
gives our trainees both clinic time away and
financial support to attend multiple
conferences. We’ll usually give a resident or
fellow the chance to make the initial
presentation of a new project, as long as
the conference is considered a good
subspecialty or general orthopedic
conference.
Our trainees speak at all of the subspecialty
conferences, as well as at the big national
conferences like the American Academy
of Orthopaedic Surgeons (AAOS);

some have even spoken at international
conferences. A number of residents and
fellows over the years have won awards
for their presentations. It’s been a great
experience for them—they love it—and
it’s one of the draws for studying and doing
research at Rush.
Invited expertise. Although we have

many bright orthopedic minds here at
Rush, we don’t have a monopoly on the
answers. There are many talented people
throughout the world who have great ideas
and have made groundbreaking discoveries.
So every year, we invite a number of guest
speakers from around the country—and,
at times, even international speakers—to
come to Rush and share their ideas and
research with our attending physicians and
trainees.
This helps to stimulate the way we think
about problems here at Rush. Once
your mind is stretched by a new idea, it
never returns to its original dimensions.
Therefore, by bringing in people from all
over the world who see problems through
a different lens, we all start to think about
things differently. This diversity allows us
to ask the right questions and arrive at the
answers we are looking for.
Passing the torch. Since the start of our
residency and fellowship programs, we’ve
had the privilege of training many talented
men and women here at Rush. Many
have gone on to become leaders in their
specialties, recognized not only for their
clinical and surgical skills, but also for their
contributions to research and education.
It’s extremely rewarding to see your trainees
accomplish great things as they proceed in
their careers—including contributing to
the body of knowledge that will advance
orthopedic care for generations to come.

“The specialists at Midwest Orthopaedics at Rush
are developing and refining innovative treatments that benefit
patients not only at Rush, but also around the globe.”

A Tradition of Excellence
Midwest Orthopaedics at Rush (MOR)
is a private practice medical group whose
fellowship-trained physicians are on the
faculty of Rush University Medical Center
in Chicago. With MOR based primarily
at Rush, our renowned surgeons and
physicians have access to all the resources
of a world-class academic medical center,
including the state-of-the-art operating
rooms in Rush’s new hospital.

used to treat patients today—from cementless
implants, to minimally invasive surgery for
spinal deformities and degenerative disc
disease, to expandable prosthetics that help
children with bone cancers avoid amputation.
That spirit of innovation continues today, as
the specialists at Midwest Orthopaedics at
Rush are developing and refining innovative
treatments that benefit patients not only at
Rush, but around the globe.

From the beginning of MOR’s history, our
surgeons and physicians have been on the
forefront of orthopedic care, pioneering a
number of the procedures and therapies

MOR physicians also hold key leadership
positions in national societies and
organizations. For example, Joshua J. Jacobs,
MD, was the 2013-2014 president of

the American Academy of Orthopaedic
Surgeons. MOR physicians also serve
as the team physicians for a variety of
professional, collegiate, and high school
teams and clubs, such as the Chicago Bulls,
Chicago White Sox, Chicago Fire, and
DePaul Blue Demons.
These clinical, research, and administrative
activities distinguish the orthopedics
program at Rush as one of America’s best.
In 2016, U.S. News & World Report ranked
our program No. 4 in the nation.
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