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ABSTRACT
Traditional anterior cruciate ligament (ACL) reconstructive techniques lead to growth
plate violations that carry a potential for growth deformity when used on skeletally immature
patients. The risk of deformity associated with reconstruction of the adolescent ACL is
diminished, however, when violations to the growth plate are centralized and of smaller volume.
The purpose of this study is to compare how the locations and volumes of femoral growth plate
violations are different following simulated ACL reconstructions that employ either anteromedial
(AM) or transtibial (TT) approaches. Magnetic resonance (MR) scans of the right knee were
collected from 17 adolescent and pre-adolescent participants (10 Male: 7 Female) with a mean
age of 11.4 ± 2.0 years. Three-dimensional geometric computer models of the knee were
constructed from MR data. Tunnels were placed on each model using both techniques. Tunnels
were simulated for multiple drills lengths and diameters. Normalized measures of laterality and
volume of growth plate violation were calculated following each simulated surgery. The mean
normalized volume of violation to the growth plate for the AM approach was 5.1% compared to
4.7% for TT tunneling. Mean normalized laterality of growth plate violation for the AM approach
was 0.59 compared to 0.29 for the TT approach (with 1.00 indicating the most lateral violation
location possible). Tunnels created using an AM approach violated a significantly larger
percentage of the growth plate’s volume (p = 0.007) and produced a violation that was
significantly more lateral (p < 0.001) when compared to the TT approach. These results suggest
that caution should be exercised when considering the use of AM tunneling in young patients.
Factors such as age and skeletal maturity should be considered when selecting reconstructive
approach. Furthermore, the use of shorter- or smaller-diameter tunnels may minimize the risk of
unnecessarily large violations in pediatric reconstructions.

ii

TABLE OF CONTENTS
List of Figures .......................................................................................................................... iv
List of Tables ........................................................................................................................... v
Acknowledgements.................................................................................................................. vi
Chapter 1 Introduction ............................................................................................................. 1
1.1 Statement of the Problem ........................................................................................... 1
1.2 Previous Work............................................................................................................ 2
1.3 Objectives................................................................................................................... 3
1.4 Specific Aims ............................................................................................................. 3
1.5 Hypotheses ................................................................................................................. 4
Chapter 2 Review of Literature................................................................................................ 5
2.1 Adolescent ACL Reconstructions .............................................................................. 5
2.2 Modeling of the Physis - Introduction ....................................................................... 7
2.3 Modeling of the Physis – Semiautomatic Segmentation............................................ 9
2.4 Modeling of the Physis – Discussion and Conclusion ............................................... 11
Chapter 3 Methodology ........................................................................................................... 13
3.1 Subjects ...................................................................................................................... 13
3.2 MRI Scanning ............................................................................................................ 14
3.3 Image Processing ....................................................................................................... 16
3.4 Tunneling Simulations ............................................................................................... 17
3.5 Data Processing.......................................................................................................... 19
3.6 Statistical Tests........................................................................................................... 21
Chapter 4 Results ..................................................................................................................... 22
Chapter 5 Discussion ............................................................................................................... 27
5.1 Summary of Results ................................................................................................... 27
5.2 Results Compared to Past Findings............................................................................ 28
5.3 Limitations ................................................................................................................. 29
5.4 Implications and Conclusions .................................................................................... 30
Appendix A Histological Representation of Volumetric Violations ...................................... 31
Appendix B IRB Consent Form.............................................................................................. 33
Appendix C IRB Assent Script ............................................................................................... 37

iii
Appendix D SLEIC Safety Screening Forms ......................................................................... 38
Appendix E Recruitment Material .......................................................................................... 40
Appendix F Simpleware Automated Processing Code ........................................................... 42
Appendix G MATLAB Data Post Processing Code............................................................... 61
BIBLIOGRAPHY.................................................................................................................... 69

iv

LIST OF FIGURES
Figure 3-1. MRI Scan Acquisition Area .................................................................................. 15
Figure 3-2. Model Segmentation and Visualization in 3D ...................................................... 16
Figure 3-3. CAD Model Representation of Reconstruction Tunnels ...................................... 18
Figure 3-4. Models Visulized in 3D and Simulated Arthoscopic View .................................. 18
Figure 3-5. AM and TT Tunnels Placement With Respect to the Physis ................................ 19
Figure 3-6. Tunnels Placment and Post-Processing................................................................. 20
Figure 3-7. Growth Plate Laterality Metric ............................................................................. 21
Figure 4-1. Volumetric Violations as a Function of Tunnel length and Diameter .................. 22
Figure 4-2. Violation Laterality as a Function of Drill Diameter ............................................ 23
Figure 4-3. Normalized Volume of Physeal Violation Grouped by Drill Diameter and
Percent Violation .................................................................................................. 24
Figure 4-4. Normalized Volume of Physeal Violation Grouped by Tunnel Length and
Percent Violation .................................................................................................. 25
Figure A-1. AM Approach Volumetric Violation Distribution ............................................... 31
Figure A-2. TT Approach Volumetric Violation Distribution................................................. 32
Figure B-1. IRB Approved Consent Form............................................................................... 33
Figure C-1. IRB Approved Verbal Assent Script .................................................................... 37
Figure D-1. SLEIC 3T MRI Safety Screening Form ............................................................... 38
Figure E-1. Recruitment Flyer for Study Advertisement......................................................... 40
Figure E-2. Verbal Recruitment Script .................................................................................... 41
Figure F-1: Code for Step 1 of Segmentation .......................................................................... 42
Figure F-2: Code for Step 2 of Segmentation .......................................................................... 43
Figure F-3: Code for Step 3 of Segmentation (AM Specific).................................................. 45
Figure F-4: Code for Step 3 of Segmentation (TT Specific) ................................................... 47
Figure F-5: Code for Drill Import (AM Specific).................................................................... 49
Figure F-6: Code for Drill Import and Export (TT Specific)................................................... 51
Figure F-7: Code for File Export to Scan IP (AM Specific).................................................... 53
Figure F-8: Code for Drill Placement in Scan IP (TT Specific) .............................................. 54
Figure F-9: Code for Boolean Subtraction Growth Plate and Point Cloud Export ................. 56
Figure G-1: Code for MATLAB Data Post Processing ........................................................... 61

v

LIST OF TABLES
Table 3-1. Subject Characteristics ........................................................................................... 13
Table 3-2. Standard Scanning Protocol for Data Collection.................................................... 15
Table 4-1. Mean Volumes and Locations of Physeal Injury for Different Drill Conditions ... 23
Table 4-2. Mean Age and Standard Deviation for Grouped Violation Percentages ............... 25

vi

ACKNOWLEDGEMENTS
I would like to thank Dr. Steve Piazza and Dr. Dov Bader for their help, guidance, and
mentorship over the past four years. Dr. Steve Piazza not only served as my thesis advisor and my
honors advisor, but also acted as my first point of contact upon being accepted to the SHC. He
was influential in my decision to enroll at Penn State and the SHC. Over the past four years Dr.
Piazza has challenged, encouraged, and aided me in becoming more competent researcher and
student. Dr. Dov Bader was the source of the idea for this research project. Over the past four
years, Dr. Bader has lent his clinical background and skill to ensure the successful completion of
this endeavor. Thank you to Dr. Steri Elavsky for acting as the second reader on this thesis, and
for acting as my honors advisor in my junior and senior year. I would like to acknowledge the
Department Orthopaedics and Rehabilitation, Department of Kinesiology, the Office of
Undergraduate Education, and the Schreyer Honors College for funding. Furthermore, I would
like to thank the Social, Life, and Engineering Sciences Imaging Center at The Pennsylvania
State University for imaging time and technical knowledge during the collection of data. Finally,
thank you to my family. They reluctantly let me miss summers at home and family vacations to
complete this work. I could not have finished this project without their love, support, and
encouragement over the past four years.

1

Chapter 1
Introduction

1.1 Statement of the Problem
Increases in participation and intensity of adolescent sport have contributed to a rise in
adolescent anterior cruciate ligament (ACL) rupture. In skeletally mature patients, management
techniques of ACL rupture most commonly include aggressive surgical reconstruction. Less
aggressive treatment of rupture, including bracing and activity modification, has resulted in poor
outcomes for adults. Such methods have been associated with chronic joint instability, meniscal
injury, and increased risk for osteoarthritis. When treatment plans for rupture do not include
surgery, adolescent populations experience similar risks. Furthermore, activity modification is
often noted as an unacceptable option for the adolescent athlete.
In order to install a graft during the reconstruction of an ACL, common techniques often
tunnel through the epiphysis and metaphysis of the tibia and femur. In adolescent populations,
these tunnels violate the proximal tibial and distal femoral growth plates (physes), which is
problematic because growth plate injury has been associated with growth deformity and arrest.
Specifically, post-operative valgus and flexion deformities have been cited as risks that
accompany transphyseal ACL reconstruction in adolescents (Edwards, Greene, Baratta, Zieske, &
Willis, 2001; Guzzanti, Falciglia, Gigante, & Fabbriciani, 1994; Vavken & Murray, 2011). For
this reason, pediatric ACL reconstructions have been previously approached with great caution.
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1.2 Previous Work
The propensity for physeal violation to cause growth disturbance has been previously
associated with the size and location of the violation. Specifically, previous studies have
suggested violations that are larger and are located more peripherally are more likely to cause
growth disturbance. Furthermore, distal growth plates seem to be at greater risk for growth
disturbances following surgical disruption. Therefore, violations that are located more centrally
and violate smaller volumes of the distal femoral physis are preferable when reconstructing the
adolescent ACL.
Aiming to understand how reconstructive variables such as tunnel diameter, bundle
number, and patient age affect violation volume at the physis, previous investigators have used
three-dimensional models, reconstructed from magnetic resonance (MR) scans of adolescent
knees, to perform simulated surgeries. The results of these investigations have suggested general
rules for performing ACL reconstructions in the skeletally immature patient. Specifically, the use
of smaller diameter tunnels and a single graft bundle result in smaller violations to the physis.
Furthermore, reconstructions should be approached with caution when performed on young
adolescents (< 10 years). However, the differences in growth plate violations between common
surgical techniques have yet to be characterized. Additionally, previous studies have not
described reconstruction’s effect on the location of growth plate violation during pediatric ACL
reconstruction.
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1.3 Objectives
The goal of this study is to use MR data collected from adolescent participants to
compare the degree of growth plate disruption (in terms of both volume and location) for two
common ACL reconstructive techniques. Specifically, the question of whether a femoral tunnel
drilled with an anteromedial (AM) approach affects the growth plate differently than a tunnel
drilled with a transtibial (TT) approach. Previous studies have demonstrated the efficacy and low
variability of physeal structure estimates obtained from MR image data (Kim et al., 2011).
In this study, we will quantify volume and location of the physeal violations that result
from using multiple tunnel lengths and diameters. We hope to establish an accepted normalized
measure for laterality of growth plate violation in adolescent reconstructions. Additionally, we
hope to more accurately simulate reconstructions, in comparison to past investigations, by using
additional surgical variables – tunnel length - and model detail – posterior cruciate ligament and
menisci.

1.4 Specific Aims
We will complete the following specific aims:
1. Compare the effects of AM and TT tunneling techniques on volume and location of
femoral physeal violation in adolescent and pre-adolescent ACL reconstructions;
2. Examine how tunnel lengths and diameters effect violation volume and location
within and between AM and TT techniques; and
3. Develop a normalized value for the expression of laterality for physeal violations.
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1.5 Hypotheses
Hypothesis #1: When compared to TT portals, AM tunneling will create a violation of greater
volume in the distal femoral physis.
Rationale: AM tunneling utilizes independent tunnel placement to better recreate the
anatomic footprint on the distal femoral epiphysis. Constraints on the insertion point of
the femoral tunnel in AM often lead to oblique tunneling of the femoral physis. These
constraints may create larger violations than the perpendicular insertion of a typical TT
tunnel.

Hypothesis #2: When compared to AM portals, TT tunneling will create more centrally located
violations to the distal femoral physis.
Rationale: TT technique utilizes a single insertion point for the tunneling of both the tibia
and femur. Femoral tunnels are highly constrained by the location of the tibial tunnel.
This constraint may limit the laterality of graft insertion leading to a more centralized
violation to the femoral physis.

Hypothesis #3: Volume of violation to the distal femoral growth plate will increase with respect
to primary tunnel length and diameter.
Rationale: Previous literature has reported an increased volume of violation with respect
to increased tunnel diameter (Shea et al., 2009). The effect of tunnel length on volume of
violation has not been characterized. However, shorter tunnel lengths may not breach the
distal femoral growth plate or may only partially breach it, leading to decreased volumes
of violation.
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Chapter 2
Review of Literature

2.1 Adolescent ACL Reconstructions
Adolescent ACL reconstructions are occurring with greater frequency (McCarroll, Rettig,
& Shelbourne, 1988). While reports in the late nineteen-seventies suggested a low incidence of
pediatric ACL rupture, reporting only nine cases (Clanton, Delee, Sanders, & Neidre, 1979), a
more recent study demonstrated that ACL injuries accounted for 31% of claims made to a single
insurance carrier specializing in youth soccer (Shea, Pfeiffer, Wang, Curtin, & Apel, 2004). A
rise in intensity of adolescent sport participants participation (Aichroth, Patel, & Zorrilla, 2002;
Ganley, 2011; Moksnes, Engebretsen, & Risberg, 2012; Oeppen & Jaramillo, 2003), a higher
awareness of articular injury, and better diagnostic techniques are noted as potential causes for
the increased observance of such injuries (Fehnel & Johnson, 2000).
Because of their propensity to violate the growth plate, reconstruction of adolescent ACL
ruptures has long been debated. Because traditional transphyseal methods of ACL reconstruction
may interfere with adolescent growth plates, conservative treatments have been favored for
adolescent ACL injury (Fehnel & Johnson, 2000). Traditional treatments included bracing and
activity modification until skeletal maturation. However, as in adults, the intra-articular instability
associated with conservative treatment of adolescents has resulted in poor outcomes, including an
increased frequency of meniscal tears (Aronowitz, Ganley, Goode, Gregg, & Meyer, 2000; Graf,
Lange, Fujisaki, Landry, & Saluja, 1992; Mizuta et al., 1995). Furthermore, many active
adolescent patients found activity modification to be too limiting and an unacceptable treatment
option (Mohtadi & Grant, 2006). For these reasons, many have recommended that treatment of
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full ACL rupture in adolescents include aggressive surgical reconstruction (Henry et al., 2009;
Mohtadi & Grant, 2006; Willis, 2009).
While literature has described the effect of drill diameter and bundle number on
volumetric violations to the physis during adolescent ACL reconstructions, little work has been
done to compare the effects of technique on growth plate violation in adolescent ACL
reconstruction. Two widely used transphyseal techniques for arthroscopic intra-artricular ACL
reconstruction are the TT and AM methods. The TT method utilizes a single tunneling insertion
that passes through the patients’ proximal tibial and distal femoral growth plates with the knee in
approximately 90° flexion. While TT tunneling utilizes fewer insertion points than AM tunneling
techniques, femoral tunnel location during TT reconstructions is constrained by initial tibial
tunnel placement. Furthermore, TT graft placement’s likeness to the superior anatomical footprint
of the ACL is controversial, and many times results in less than desirable post-surgical knee
mechanics. Past studies have shown that, even under optimal conditions, tunnel placements in TT
reconstructions do not recreate native ACL footprints (Bedi et al., 2011). AM techniques utilize
independent tunnel placements: Femoral tunnels are drilled in hyperflexion, more accurately
restoring both the tibial and femoral anatomical footprints (Basdekis, Abisafi, & Christel, 2008;
Gavriilidis et al., 2008). Notably, AM tunnels restore tibial translation to pre-surgical levels (Bedi
et al., 2011). While the choice of AM versus TT approach has been recognized as a factor “that
may influence the volume percentage [violated] of the distal femoral physis” (Fabricant, 2013),
the extent to which these techniques differ in their physeal violation in adolescent patients is
presently unknown.
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2.2 Modeling of the Physis - Introduction
Advances in processing speed and computing power over the past two decades have
made three-dimensional (3D) modeling based on medical imaging data much more
commonplace. Both analytical methods and clinical applications have both been improved by the
application of computational modeling in the medical field. Both magnetic resonance (MR) and
computed-tomography (CT) data have been utilized for such purposes.
MR data has proven most useful for 3D modeling of soft tissues, and CT is the accepted
gold standard for 3D bone modeling. However, for pediatric applications, MR has some clear
advantages over CT. Most notably, MR is a safe alternative to CT imaging in pediatric patients
who are particularly susceptible to the damaging effects of ionizing radiation.
Current trends in MR image modeling utilize semi-automated volume rendering of
femoral physes to improve pediatric care. Although semi-automated techniques prove to be more
efficient than earlier manual processes, semi-automated methods still maintain a high degree of
physical user input.
Due to advances in computing power and algorithm development, volume modeling of
medical imaging data is now a common method of analyses in both clinical practice and
biomedical research. Although different processes and applications exist throughout 3D medical
imaging, all methods of model extraction share a common goal: Identification of the region of
interest (ROI) on each image slice, and interpolation between slices to generate a volumetric
representation of data. Common methods of extracting ROIs from slice data utilize the selection
of grayscale units that correlate with specific ROIs. Such processes are fully automated for ROIs
in CT imaging data, due to clear boundary delineation between contiguous surfaces. However,
this is not the case for MR data.
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Due to ambiguous boundaries between adjacent surfaces, specifically the growth plate
and calcified bone, the automated detection of ROI’s in MR data has been troublesome. Although
differences in cartilaginous and calcified tissue can be clearly seen through inspection, current
algorithms utilized for ROI detection for CT data are not transferable to the processing of MR
data. Therefore, early attempts at modeling the cartilaginous structure of the femoral growth plate
focused on manual identification of pixels to identify the ROI (Craig et al., 1999).
While examining physeal bridge formation, Craig et al. (1999) found that a trained
operator took approximately 30 minutes to identify these pixels on 45 slices of data. Not only
was the process tedious, but it also utilized subjective methods that are prone to both intra- and
inter-operator error. Early studies admitted this process was time consuming and an imperfect
technique, clearing the way for a creation of a more automated protocol.
The first advances in establishing a semi-automated method of physis volume extraction
began with further studies into physeal bridge formation in the femur. Physeal bridges, partial or
total growth arrest of the physes, are calcified portions of the growth plate most commonly
resulting from fractures to the growing bone. The need for methods of physeal bridge
identification and visualization are a result of the possible angular deformities and limb length
discrepancies resulting from such injury.
Although methods of extracting such information from MRI data were developed by
Craig et al. (1999), the processing time was cut in half by Sailhan et al. (2003). These
investigators, studying physeal growth arrest via MRI, used manual pixel identification for
portions of their segmentation. However, they cut segmentation time in half (15min vs 30min), by
utilizing a filling algorithm once borders of specific ROIs had been identified (Sailhan et al.,
2004). This semi-automation did not reduce risks of intra- and inter-operator error.
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2.3 Modeling of the Physis – Semiautomatic Segmentation
Semi-automated detection of proximal femoral physes was further advanced by the work
of Koff et al. (2010) in his study investigating physeal bridging. Building upon the automated
detection of ROIs in the application of physeal bridge formation created by Sailhan et al. (2003),
Koff et al. (2010) managed to nearly automate the entire growth plate detection protocol. The
improvements utilized a series of iterative algorithmic dilations and erosions of a threshold data
set, allowing investigators to remove image noise and define clear growth plate volumes. The
ROIs could then be highlighted for interpolation using a standard region-growing algorithm –
requiring only a single seed point (Koff et al., 2010).
Semi-automated methods for ROI identification were developed extensively within the
study of physeal bridge formation. Historically the first applications of manual physeal ROI
identification and modeling were rooted in the field, providing sufficient interest for others to
address the problem. Although Sailhan’s early attempts created a 50% reduction in userprocessing time, such steps in methods were only a small leap from manual segmentation. Koff’s
methods, however, drastically reduced processing time while creating a repeatable method with
lower intra- and inter- operator error.
While the aforementioned application of growth, plate modeling has advanced the
development of semi-automated ROI detection methods. Growth plate visualization is not an
interest limited to solely physeal bridge formation studies. Researchers focused on pediatric ACL
reconstructions, and even clinical pediatric cancer research has utilized femoral physis volume
extraction/visualization in their work.
A natural jump from physeal bridge investigations, pediatric orthopedics began to utilize
physeal volume modeling in ACL reconstruction research. Guranario et al. (2004) pioneered this
application with his semi-automated technique that consisted of a region growing identification of
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calcified portions of the femur, and identification of the general growth plate region. Utilizing the
clearly delineated calcified regions, Guarino used a Boolean algorithm to identify the growth
plate region (Guarino et al., 2004).
Kercher et al. (2009) utilized a similar technique in their study focused on describing
ideal femoral tunnels for ACL reconstruction. However, instead of using a region-growing
algorithm to define calcified portions, Kercher applied a threshold twice to the image data set to
remove all but the calcified portion (Kercher et al., 2009). Although there are currently no
comparisons on relative accuracy of region growing algorithms versus thresholded data sets of
calcified tissue, Kercher’s methods created data that was more aesthetically pleasing during the
identification of growth plate.
Methods of approach to abstraction of the growth plate for ACL reconstruction studies
clearly differ from the techniques proposed in the investigation of bony bar formation. Such
differences, in large part, can be accounted for by the nature of application. In comparison to
physeal bridge identification, applications involving improvement and analysis of pediatric ACL
reconstructions not only value the visualization of the cartilaginous structure of the growth plate,
but also the calcified potions of the epiphysis and metaphysis. The addition of two extra ROIs
allows for the systematic detection of the growth plate ROI by identifying it as such: the area
between the two calcified ROIs. This definition differs from the definition presented in physeal
bridge detection in which the growth plate is defined as: the area of non-calcified tissue at the
epiphysis of the femur. Each definition identifies the same approximate area, but in different
manners. The ACL reconstruction definition provides a process in which the threshold
subtraction algorithm of Koff is no longer important in growth plate identification. This, in turn,
simplifies the ROI identification by eliminating steps.
While the largest interest in growth plate volume modeling currently lays in the area of
pediatric orthopedics. Kim et al. (2011) extended such applications to clinical cancer research.
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Citing that new chemotherapy treatments, such as angiogenesis inhibitors, can cause a thickening
of the physes and interrupted growth plate function, Kim et al. set out to define a protocol for
semi-automatic volume interpretation for FDA Phase 1 clinical trials. The method clearly mimics
those used by Kercher. However, Kim’s method is interesting in that it first manually defines a
small pixel field on each slice, before using threshold function of the new pixel field. By defining
a smaller pixel area, threshold algorithms are faster, and reduce total ROI identification time
(Kim et al., 2011).
The most recent application of physeal modeling is unconcerned with the calcified
portions surrounding the growth plate. This application, in the field of clinical cancer research,
incorporates the improved ACL reconstruction definition of the growth plate in their method of
physeal volume recognition, demonstrating the definitions applicability toward future research in
varied fields.

2.4 Modeling of the Physis – Discussion and Conclusion
Clearly growth plate volume visualization can be achieved through many methods, some
being faster than others. However, method choice seems to be dictated by specific application.
Furthermore, some semi-automated processes seem to hold a higher generalization to future
applications, specifically those developed for ACL reconstruction research.
Continued research, using methods of semi-automated physeal segmentation, has fostered
innovation in the field, especially the most recent works of Kim et al. (2010) and Koff et al.
(2010). Such works have become crucial in the advancing the field by increasing the accuracy
and repeatability physeal segmentation and furthering the automation of ROI identification
protocols. Many applications of physeal modeling have yet to be explored. Some applications that
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could parallel existing methods include the study of surgical reconstruction and identification of
physeal bridge formation in joints other than the knee.
Continued rapid development of semi-automated processes in growth plate ROI
identification suggests that fully automated techniques may soon be developed. While current
techniques have been streamlined, large data set processing is still time consuming. Development
of fully automatic methods could further the applicability of growth plate volumetric modeling
studies, and solidify the viability of growth plate modeling in pediatric medical research.
Growth plate ROI identification has come a far way since its first use by Craig et al.
(1999). Methods of segmentation continue to become faster, with continued increases in breadth
of application. With the most current application of growth plate segmentation being in the field
of clinical cancer research, it seems that methods and applications of such visualization will
continue to grow.
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Chapter 3
Methodology

3.1 Subjects
Participants consisted of ten males and seven females. The mean age of participants was
11.4 ± 2.0 years (Table 1). Institutional review board approval was obtained. Subjects were
screened for a history of knee injury and had open physes. Informed consent or assent, based
upon age of the participant, was secured. Raw image data was collected in sets of three MRI
scans for seventeen subjects.

Table 3-1: Subject Characteristics
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3.2 MRI Scanning
Scans were taken of the subjects’ right knees 15cm proximal and distal to the lateral
femoral epicondyle (Figure 3-1). Each scanning session, lasting approximately 30 minutes total,
consisted of a scan in 90° flexion, 120° flexion, and neutral position (Table 3-2). Participants
were positioned right lateral recumbent for scans of the right knee in flexion, and supine for the
scan in neutral. Sandbags were used to hold participants in position for the duration of their scans.
Scans were acquired using a 3T magnet (Siemens, Germany). The images were T2 weighted with
a voxel size of 0.5×0.5×2.0 mm. The z-coordinate plane was aligned parallel to the anterior and
posterior faces of the distal femoral epiphysis.
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.
Figure 3-1: Images illustrating the scan acquisition area used in MR scanning. Scans
were collected from of the right knee. The area of acquisition was set in the sagittal plane,
and scans were centered 15cm proximal and distal to the lateral femoral epicondyle.

Table 3-2: Standard Scanning Protocol for Data Collection
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3.3 Image Processing
DICOM files were exported into a commercially available image-processing suite,
ScanIP (Simpleware Exeter, UK), for segmentation. Voxel size was supersampled to 0.5×.05×.05
mm using proximal interpolation. Masks of calcified portions of the knee were semiautomatically segmented using a threshold sensitive flood fill tool. Ambiguous boundaries
between adjacent soft tissues required some manual manipulation of thresholded masks. Separate
mask were created for distal and proximal portions of the femur, tibia, and fibula. Medial and
lateral edges of growth plated were manually defined. Full physeal models were generated using
a Boolean logic operation to obtain the area between two closely calcified portions of bone
(Figure 3-2). Separate masks representing the menisci and PCL were semi-automatically
segmented using a threshold sensitive paint tool.

Figure 3-2: Proximal and distal portions of the femur were segmented into respective
masks (A). Connecting distal and proximal portions generated a “whole” femur (B).
Using Boolean operators, the growth plate (C) was generated. Models were rendered in
3D for use in a virtual surgical environment (D).
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A single operator constructed all models. Coefficients of variation were calculated to
measure (1) intra-operator variability in physis volume across three scans made of a single
subject; and (2) intra-operator variability in physis volumes across models made from the same
scan. The resulting inter-scan coefficient of variation was 4.40%, and the intra-scan coefficient of
variation was 3.52%.

3.4 Tunneling Simulations
Knee models were opened in the Simpleware +CAD environment for drill hole
placement. Nine computer aided design (CAD) models representing femoral drills – 7/8/9 mm
diameter of 20 mm length, 7/8/9 mm diameter of 25 mm length, and 7/8/9 mm diameter of 30
mm length – were created in Rhinoceros 3D (McNeel North America, Seattle) CAD software
(Figure 3-3). Bony landmarks, the PCL, and menisci were used to guide drill placement in the
tibia and femur models (Figure 3-4). An orthopedic surgeon experienced in ACL reconstruction
positioned the drill tunnels while blind to the location of the physeal plates.
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Figure 3-3: CAD models simulating surgical tunnels were constructed. Nine tunnels, in
total, were used to simulate both AM and TT approaches. Above are 25 mm and 30 mm
long tunnels of 7, 8, and 9 mm diameter. To simulate the tunnel used to anchor surgical
graft, 4.5 mm diameter tunnels were centered on both the top and bottom of the primary
graft tunnel.

Figure 3-4: Bone models were virtually rendered, and a surgeon was able to mimic AM
and TT tunneling (left). Vantage points similar to an arthroscope, bony landmarks,
menisci, and the PCL were used to determine tunnel placement (right).
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3.5 Data Processing
Voxel data for the intersection of drills with growth plate and intact growth plate was
obtained. These voxel coordinates were exported into MATLAB for calculation of the volume
and location of the voids in the femoral growth plate (Figs 3-5 and 3-6).

Figure 3-5: AM (right) and TT (left) tunnels were examined with respect to their
violation to the femoral growth plate. Tunnels (top) created distinctly different patterns of
physeal violation (bottom) when comparing the two methods.
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Figure 3-6: Voxel data (right) were exported for further analysis. Matlab (left) was used
for the post processing of knee models, the volume removed through femoral tunneling
and the peripheral location of volume displacement was evaluated.
Volumetric violation was calculated by multiplying voxel size by n-voxels in the violated
portions of the growth plate and then expressing this volume as a percentage of the intact growth
plate volume. A novel measure of normalized laterality of physeal violation, LScore, was
calculated using utilizing three coordinates from the axial plane of the violated volume of growth
plate and the intact growth plate (Figure 3-7).
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Figure 3-7: LScores were assigned to each drill placement utilizing three points on the
growth plate: the most central point of the physeal plate, GP; the most lateral point, LM;
and the centroid of the violated physis, V.

3.6 Statistical Tests
Two three-way repeated-measures analyses of variance (ANOVA) were performed to
investigate the influence of variation of tunnel type (AM and TT), drill diameter (7 mm, 8 mm,
and 9 mm), and tunnel length (20 mm, 25 mm, and 30 mm) on normalized volume of violation
and LScore. The level of statistical significance for all tests was set at a = 0.05. ANOVAs were
first run with interactions between the three factors included in each model, but after it was
determined that none of the interactions were significant for either ANOVA, interactions were
omitted from the models and the ANOVAs were run again. Where ANOVA revealed significant
main effects, we followed up with Tukey-corrected pairwise mean comparisons. All statistical
tests were performed using Minitab 16.2 (Minitab, Inc.; State College, PA).
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Chapter 4
Results
The volume of growth plate violation was greater for AM tunneling than for TT tunneling
(p = 0.007) (Figure 4-1), but the difference between these means was not substantial (5.1 ± 2.1%
for AM versus 4.7 ± 2.0% for TT). Tunnels placed using the AM approach were significantly
and substantially more lateral than those placed using the TT approach (p < 0.001) (Figure 4-2).
The mean LScore for AM tunnels was 0.590 ± 0.115 and 0.290 ± 0.104 for TT tunnels.

Figure 4-1: Mean normalized volume of violation to the growth plate for anteromedial
(AM) and transtibial (TT) tunneling for drills of varying lengths and diameter. AM
tunneling violated larger normalized volumes of the growth plate when compared to TT
tunneling. Larger diameter tunnels corresponded with larger normalized violations.
Longer tunnel lengths also corresponded with larger normalized violations.
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Figure 4-2: Normalized laterality of growth plate violations for both anteromedial (AM)
and transtibial (TT) tunneling as a function of drill diameter for 25 mm length tunnels.
AM tunnels violated much more lateral locations of the growth plate when compared to
TT tunneling. Similar results were obtained for both 20 mm and 30 mm tunnel lengths.
Tunnels made with larger diameter drills produced violations of larger volume (p <
0.001) (Figure 4-1) but that were not significantly different in location (p = 0.839) (Figure 4-2).
Post hoc tests revealed significant differences between mean volumes of violation for all pairwise
drill diameter comparisons (all p < 0.001) (Table 4-1).

Table 4-1: Comparison Mean Volume and Location of Physeal Injury for Drill Conditions
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Simulated tunnels of longer length created larger violations than those violations created
by shorter tunnels (p < 0.001) (Figure 4-1). Varying tunnel length did not, however, significantly
change the laterality of violation (p = 0.841) (Figure 4-2). Post hoc comparisons demonstrated
significant differences between mean violation volumes for all pairwise tunnel length
comparisons (all p < 0.001) (Table 4-1).
The AM approach accounted for a greater proportion of the largest growth plate
violations than did the TT approach. When the normalized volumes of violation for all 153
simulated AM reconstructions were considered, it was found that 16 were above 8% as compared
to 10 of 153 violations simulated for the TT approach (Figures 4-3 and 4-5). Violations that were
greater than 8% of the physis volumes tended to occur in models based on the knees of
participants who were younger. (Table 4-2).

Figure 4-3: Comparative histological representation of normalized volumetric violations
for anteromedial (AM) and transtibial (TT) tunneling grouped by drill diameters. AM
tunneling had a larger frequency of large (>8%) violations when compared to TT
tunneling. Tunnels of 9 mm diameter accounted for the majority of larger (>8%)
violations.
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Figure 4-4: Comparative histological representation of normalized volumetric violations
for anteromedial (AM) and transtibial (TT) tunneling grouped by drill diameters. AM
tunneling had a larger frequency of large (>8%) violations when compared to TT
tunneling. Tunnels of 30 mm lengths accounted for the majority of larger (>8%)
violations.

Table 4-2: Mean Age (in Years) for Grouped Violation Percentages

Drill diameters of 9 mm were more likely than smaller diameters to create large growth
plate violations. Of the 102 simulations of 9 mm-wide tunnels, it was found that 19 were above
8%. In comparison, violations above 8% only accounted for 6 of 102 simulations with 8mm-wide
tunnels and 1 of 102 simulations with 7 mm-wide tunnels (Figure 4-3).
Tunnel lengths of 30 mm created large growth plate violations with greater frequency
than did drills of smaller length. When the normalized volumes of violation for simulations using
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all 102 simulated 30 mm-long tunnels were considered, it was found that 16 were above 8%.
This number was higher than to the 8 of 153 found for the 25 mm tunnels and 2 of 153 for the 20
mm tunnels (Figure 4-5).
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Chapter 5
Discussion

5.1 Summary of Results
In this study of adolescent ACL reconstruction, we found differences in the size and
location of distal femoral growth plate violation that were attributable to surgical technique.
When an AM tunnel was used, violations resulted that were both larger and more lateral that
those produced by TT tunnels. These results supported our hypotheses (Figure 4-1 and 4-2)
regarding the AM and TT approaches but the differences in volume between the two techniques
were small and thus of questionable clinical significance. The differences in the laterality of the
violation between the AM and TT approaches, however, were substantial: the AM technique
produced violations that were on average almost twice as lateral than those produced by TT
tunnels (Figure 4-2). In addition, AM tunnels were much more likely than TT tunnels to produce
larger growth-plate violations (Figure 4-3 and 4-4).
To our knowledge, this is the first study to simulate tunnel length choice during
reconstruction – a surgical variable overlooked by previous investigators. To that end, this is the
first time tunnel length has been demonstrated to effect volume violated at the physis (Figure 41). Furthermore, the present study represents the first time that location of growth plate violation
has been formally reported as a standardized metric. Also, this is the first time that a simulated
tunneling study investigating growth plate violations has utilized a combination of bony
landmarks and other intrarticular structures to guide tunnel placement in the reproduction of
common ACL reconstructive techniques.

28
5.2 Results Compared to Past Findings
Our results compare favorably to those of similar studies in which computer models were
used to assess growth-plate violations. Shea et al. (2009) found that 7, 8, and 9 mm graft tunnels
placed across the anatomic origin of the ACL in adolescent patients produced violation volumes
of 3.2%, 4.2%, and 5.4%, respectively (Shea et al., 2009). In the present study, the same drill
diameters caused mean volume violations of 4.1%, 5.0%, and 6.0% for the AM approach and
3.8%, 4.7%, and 5.7% for the TT approach. In another study, Kercher et al. (2009) compared the
effects of tunnel angle and drill diameter on physeal violation and found that as tunnel angle with
respect to the distal femoral epiphysis increased from 45° to 70°, average volume of growth plate
violation decreased from 4.1% to 3.1%. Our comparisons of the more acute AM tunnel angles to
less acute TT tunnel angles revealed that AM tunnels caused similarly greater volumetric
violations when compared to TT (Figure 4-1). As in our study, Kercher et al. (2009) identified
drill radius as an important determinant of the volume of physis violation. Our study revealed,
however, that decreasing tunnel length permits graft tunnels of larger diameter with minimal
increases in violation volume (Figure 4-1). While not a statistically significant interaction (p =
0.10), our data suggests that a tunnel of 9 mm diameter and 20 mm length violates a similar
volume when compared to a tunnel of 8mm diameter and 25 mm length.
Another study compared the effects of double bundle and single bundle ACL
reconstructions in skeletally immature patients (Shea, Grimm, & Belzer, 2011). While this study
characterized two general approaches to ACL reconstructions, it did not compare practical
femoral tunnel placement techniques that utilize bony landmarks, menisci, and intact ligaments to
guide tunnel placement. It is our understanding that the present study is the first study to replicate
the arthroscopic environment of adolescent ACL reconstructions with more realistic tunnel
placements made possible by the use of anatomical landmarks (Figure 3-4).
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5.3 Limitations
Certain limitations affected our study. We used MR to collect the image data from which
the bone and physis models were created, and the resulting models were thus not as realistic as
the models that would have been created from computed tomography scans. However, MR is a
safer alternative to CT imaging in pediatric patients who are particularly susceptible to the
damaging effects of ionizing radiation.
Our three-dimensional environment was also a limitation to the reality of our surgical
simulations. The reconstructive techniques evaluated in this study are normally performed in an
arthroscopic environment. Our environment, in contrast, allowed for the interactive navigation of
the knee joint in space. The environment may have allowed the surgeon to view areas of the joint
inaccessible with an arthroscope. However, when necessary, views simulating those of an
arthroscope could be obtained. Furthermore, our environment was composed of rigid models
fixed in the position in which the knees were scanned. As such, our models did not provide an
opportunity for “give” or “tweaking” by the surgeon that allows minor alterations to drill hole
paths in the course of a normal surgery. Likewise, our model drills did not provide the normal
“give,” that is present during arthroscopic reconstructions.
We also recognize that the use of a single orthopedic surgeon to determine drill hole
placement is a limitation. Rather than relying on the expertise and opinion of a single surgeon to
determine the reproduction of arthroscopic techniques in our three dimensional environment, it is
possible that utilizing multiple surgeons may have provided a more representative sample with
respect to our outcome variables.
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5.4 Implications and Conclusions
The results of the present study imply that caution should be taken in choosing AM
approach over TT because of the increased laterality and volume of violation associated with AM
tunneling. It is especially important to consider technique choice in patients younger than 10
years (Table 4-2). Considering the use of less anatomic tunneling approaches (such as TT) or
physeal sparing techniques may be appropriate in these extremely young patients. Utilizing a
shorter graft tunnel may help protect the physis from additional damage and allow for more
anatomic graft placement in these populations.
During data collection, it was noted that longer AM tunnel lengths had the potential to
violate the posterior cortex of the proximal femur. Tunnel lengths of 25 and 30 mm routinely
violated the posterior cortex. This may be a consideration in choosing tunnel lengths during AM
reconstructions.
Future work may consider confirming these findings using physical models and
arthroscopic equipment. Future research should investigate the efficacy of flexible reamers,
which can potentially violate a more central area of the physis while securing initial graft
placement in a more lateral position. Furthermore, work must be done to better quantify the age
and sex of high-risk populations for substantial physeal violations.
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Appendix A

Histological Representation of Volumetric Violations

Figure A-1: AM Approach Volumetric Violation Distribution
The above histogram represents each instance of physeal violation collected for simulated
AM tunneling. Normalized volumes of violation were grouped in evenly spaced intervals.
The legend displays information on each tunnels length and diameter.
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Figure A-2: TT Approach Volumetric Violation Distribution
The above histogram represents each instance of physeal violation collected for simulated
TT tunneling. Normalized volumes of violation were grouped in evenly spaced intervals.
The legend displays information on each tunnels length and diameter.
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Appendix B

IRB Consent Form
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Figure B-1: IRB Approved Consent Form
Consent Forms were utilized when enrolling participants in the study. Signed consent
was obtained from guardians and assent – signed or verbal – was obtained from
participants.
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Appendix C

IRB Assent Script

Figure C-1: IRB Approved Verbal Assent Script
Verbal assent was obtained from participants under the age of 14 using the above script.

38

Appendix D

SLEIC Safety Screening Forms
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Figure D-1: SLEIC 3T MRI Safety Screening Form
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Forms were filled out after parental consent and participant assent were acquired.
Questionnaire was a standardized form to ensure participant safety when in proximity of
the 3T magnet.

Appendix E

Recruitment Material

Figure E-1: Recruitment Flyer for Study Advertisement

41

Figure E-2: Verbal Recruitment Script
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Appendix F

Simpleware Automated Processing Code

Figure F-1: Code for Step 1 of Segmentation
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Figure F-2: Code for Step 2 of Segmentation
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Figure F-3: Code for Step 3 of Segmentation (AM Specific)
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Figure F-4: Code for Step 3 of Segmentation (TT Specific)
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Figure F-5: Code for Drill Import (AM Specific)
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Figure F-6: Code for Drill Import and Export (TT Specific)
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Figure F-7: File Export to Scan IP (AM Specific)
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Figure F-8: Drill Placement in Scan IP (TT Specific)
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Figure F-9: Boolean Subtraction Growth Plate and Point Cloud Export
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Appendix G

MATLAB Data Post Processing Code
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Figure G-1: Code for MATLAB Data Post Processing
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