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CHAPTER 1: Introduction 
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1.1 Background and Motivation 

Anterior cruciate ligament (ACL) injuries are common in the young and active 

population.98 ACL injury risk is highest in specific athlete populations (e.g., football, 

soccer, basketball, etc.), females, and young adults.98 For these patients, the desire to 

regain function and return to sport is paramount. Therefore, surgical treatments such as 

ACL reconstruction (ACLR) are commonly performed.98 

An ideal graft used for ACLR should be one that recreates the anatomical, 

biological, biomechanical, and neurophysiological properties of a native ACL.20 The 

most common graft options provided to a patient include bone-patellar tendon-bone, 

hamstring tendon, and quadriceps tendon autografts.85,191 The bone-patellar tendon-bone 

has the advantage of bone healing within the tibial and femoral bone tunnels, however, 

due to the site of the graft harvest, this graft has a higher rate of anterior knee and 

kneeling pain in short and mid-term follow-ups.100,191 Hamstring tendon grafts account 

for 33 to 53% of all ACL grafts.112,173,191 Anatomically, the double-bundle technique of 

the hamstring tendon harvesting procedure for ACLR replicates the double bundles of the 

native ACL and better restores normal knee biomechanics.85 The least popular option of 

the three is the quadriceps tendon graft.191 A study reported that this graft type did not 

replicate the biomechanical strength of the native ACL,127 though more recent studies 

have shown its strength to be comparable to the hamstring tendon graft.85,155 Autograft 

harvest produces donor site morbidity such as anterior knee pain, sensory deficits, and 

strength deficits.191 Studies have also shown that only about half of patients following 

ACLR can return to their pre-injury activity level, with an estimated 1 in 4 adolescent 

patients having a second ACL injury within the first-year post-operation.69,98 
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New surgical methods to restore the native ACL have been introduced. The 

bridge-enhanced ACL restoration (BEAR) is a surgical procedure that stimulates ACL 

healing by placing an extracellular matrix-based implant within the injury site and using 

it to hold the patient’s blood in the space between the torn ends of the ligament.117-120 The 

blood-extracellular matrix-based scaffold composite subsequently creates an environment 

that is biologically conducive to ligament healing. In the first in-human study of the 

BEAR procedure, patient-reported outcomes, physical examinations, and functional 

outcomes were similar to those that had undergone ACLR.120 In a randomized controlled 

trial, BEAR patients reported greater hamstring strength than ACLR patients.118 As 

strength deficits are expected due to the harvesting of the hamstring tendon for ACLR 

patients, these deficits were not found in BEAR patients, as harvesting of tendons is not 

required for the surgical procedure.118 Numerous factors, such as age, activity level, 

anatomic features, and graft type, are associated with increased risk of reinjury after 

ACLR,23,76,151,186 predictive risk factors of reinjury for patients who undergo the BEAR 

surgery are not as well-known.  

Low postoperative patient-reported outcomes (e.g., International Knee 

Documentation Committee (IKDC) subjective score),72,129 clinical outcomes (e.g., 

arthrometer-based knee laxity testing),179 and asymmetry in joint function (e.g., single-leg 

hop test) have been used to track ACLR recovery and approximate reinjury risk.144 

However, studies have shown that patient-reported outcome measurements introduce bias 

and inconsistency when compared to more objective methods.24 None of these commonly 

used outcome measures directly assesses the structural integrity of the healing ACL or 

ACL graft.179  
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 The integrity of the ACL after surgery has also been assessed indirectly by 

evaluating overall knee function, lower extremity functional performance, and patient-

reported outcomes.3,6 However, these measures can be influenced by varying levels of 

subjectivity. To supplement the existing patient-reported clinical and functional 

assessments, non-invasive imaging methods have been developed to evaluate graft 

maturity and to estimate structural properties of the surgically treated ACL and other 

tissues in the knee using quantitative magnetic resonance imaging (qMRI).8,80,81  

Advancements of MR systems have allowed for higher strength magnets such as 

3T, which provide twice the signal-to-noise ratio of a 1.5T system.60 Increasing the 

signal-to-noise ratio improves the overall quality of the image and increases the spatial 

resolution.60 The higher spatial resolution allows for greater distinction of complex 

structures such as the ACL, allowing for the geometric measurement of the ACL, 

providing clinicians the ability to obtain the cross-sectional area or volume of the tissue 

non-invasively. Quantitative MRI is also advantageous because various tissues have 

different signal intensities, or brightness, on MR images that provide contrast and 

boundaries between tissues that are dependent on the sequence used.110 T2-weighted 

images, for example, are sensitive to water-based tissues such as muscle, cartilage, and 

ligaments. 110 Many pathologies observed in these tissues result in excess fluid 

accumulation, allowing for ease in preliminary diagnosis and evaluating the extent of 

injury on MRI.110 Semi-quantitative clinician-graded scores based on MR signal intensity 

have been used to evaluate ACL graft or tissue integrity and maturation following 

surgery. While useful in a research context, signal intensity grading is limited by the 
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natural subjectivity of the clinician and signal intensity dependency on MR scan 

parameters, as well as sequence selection.13,49  

The double-echo steady state (DESS) sequence has become the standard method 

to measure structural properties of cartilage,161 while qMRI sequences, such as T2*-

weighted and T1-weighted, are commonly used to measure ACL structural 

properties.13,15,16 Similar to T2*-weighted, the constructive interference in steady state 

(CISS) sequence has also been associated with structural properties of the ACL.15,121 

DESS is a gradient echo steady-state sequence that combines two echoes to capture both 

T1/T2* and T2 information to be used for quantitative cartilage assessment, like T2/T2*, 

and allows for excellent cartilage imaging.64,161 CISS is also a steady-state, but unlike 

DESS, it is derived from balanced gradients driven by the T2/T1 ratio to maximize 

signal-to-noise ratios and provide high-contrast visualizations.157 An advantage of the 

CISS sequence, as compared to other sequences such as DESS, is the contrast for the 

tissue of interest, the ACL. DESS is advantageous when visualizing changes in cartilage 

structure, as the cartilage has a stark contrast compared to neighboring tissue and bone. 

However, it is not ideal for visualizing and quantifying changes in the ACL, as the ACL 

is dark and hard to differentiate from other tissues. However, CISS is sensitive in 

capturing differences in the ACL tissue. There is a good contrast between the ACL and 

surrounding tissue, which makes this sequence ideal for ACL analysis and quantification 

using qMRI parameters. Studies have determined that changes in qMRI parameters from 

CISS scans, such as signal intensity (SI) and cross-sectional area (CSA) of the ligament 

or graft, can be used to determine the integrity of the healing structures shown to reflect 

the biomechanical and histological properties of the healing tissue.13,15,16 The early time 
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point (6-9 months) CISS scan qMRI variables provide for a noninvasive assessment of 

the healing structures to predict ACL surgery outcomes and reinjury risk within 24 

months post-surgery.8 However, due to the differences in MRI sequences used 

throughout various hospitals or clinical trials, there is a need for standardization of qMRI 

variable collection to ensure ease of clinical implementation. 

 Clinical implementation of qMRI may have the potential to identify patients 

early-on that have an increased risk of post-traumatic osteoarthritis (PTOA), commonly 

seen after ACL injury and surgery. PTOA is often associated with pain, functional 

limitations, and an overall decreased quality of life.53 Approximately 51.6% of ACL-

injured patients show radiographic signs of PTOA within 20 years post-surgery.28 The 

average age of patients with ACL tears is within the 15-25 year old range, therefore, a 

majority of these patients may experience PTOA by the age of 35-45 and, on average, are 

expected to receive a total knee replacement surgery 7 years earlier than patients without 

a prior history of knee injury and subsequent surgery.96,152 This statistic is a stark contrast 

compared to the average age of general osteoarthritis diagnosis of 55-65 years.96  

 The use of qMRI in the clinic can be used to detect early signs of PTOA in 

patients by identifying regions of morphological differences in the tissue post-surgery, 

because the damage is irreversible, to prevent the onset and progression of PTOA. There 

are several hurdles to overcome to translate qMRI into routine clinical practice, such as 

standardization of qMRI across MRI sequences.49 The standardization between MRI 

sequences will allow for quantitative values to be derived from scans regardless of where 

the MRI was acquired, qMRI-predicted failure loads could be calculated from MRIs 

across hospitals and clinical trial sites. qMRI is also highly susceptible to metallic 
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artifacts. Metallic artifacts can be created due to metal fragments that are often 

unavoidable from ACL surgery, where drill bits are used to create bone tunnels through 

the femur and tibia to support a graft.9 The metallic fragments result in noticeably large 

dark patches within the MR image, which make it difficult to extract quantitative signal 

intensity values to assess the healing of the tissue.9 Methods to avoid these dark patches 

caused by the metallic debris may advance the use of qMRI in clinical practice.  

 qMRI has been used to detect changes in articular cartilage throughout the 

progression of PTOA found in patients.114,168,169 With the advancements of qMRI to track 

the healing progression of the ACL,8,9,49 along with the growing belief that ACL injuries 

incite a whole knee injury response, it would be desirable to use qMRI for the analysis of 

additional tissues in the knee, such as the menisci. Concomitant ACL and meniscus 

injuries are well-documented and occur in up to 65% of patients presenting with an ACL 

injury.5,92,102,150,168 The lateral meniscus is at an increased risk of being injured during an 

ACL injury, however, in the case of an isolated ACL injury, the medial meniscus is at a 

higher risk of a subsequent injury.22,114,150,169 The functions of the menisci to reduce 

contact stresses can be disturbed by injury to the tissue, which may result in early onset 

PTOA, especially in patients with a concomitant ACL injury.139,182 The effect of an ACL 

injury on meniscal morphological changes over time is not well understood. qMRI may 

provide a better understanding of how the meniscus is affected due to an ACL injury and 

surgery to further validate the use of qMRI in clinical settings to evaluate overall knee 

health.  

 The use of qMRI could provide a noninvasive tool to evaluate overall knee health, 

including the ACL and meniscal healing progression over time following ACL surgery. 
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This further validates how the clinical implementation of qMRI has the potential to help 

guide rehabilitation strategies, inform return to sport decisions, and reduce the risk of 

reinjury and the progression of PTOA. 

1.2 Specific Aims 

The objective of this dissertation is to advance a qMRI pipeline to noninvasively quantify 

the integrity of the healing knee joint tissues, including the ACL and menisci. Patients 

with ACL tears are at a higher risk of reinjury, subsequent meniscal damage, and PTOA, 

despite ACL reconstruction surgery. Clinical implementation of qMRI has the potential 

to inform return to sport decisions and reduce the risk of reinjury and PTOA.  

 This dissertation addressed four specific aims. The first aim was to establish a 

baseline of qMRI variables as predictors of ACL reinjury. Specifically using qMRI 

methods to measure tissue morphometry (i.e., volume and CSA) and signal intensity (SI) 

as a measure of tissue quality of the healing ACL or ACL graft.15,16 As there are 

challenges incorporated with the use of qMRI post-surgery, such as metallic 

susceptibility, the second aim was to develop a method to minimize the effects of these 

artifacts on MRIs. The third aim focused on the morphological changes of the menisci 

post-ACL surgery to extend the pipeline to include a quantitative assessment of the 

menisci and to better understand tissue adaptations post-surgery that may influence the 

increased risk of PTOA in knee joints. With the validation of qMRI as a way to measure 

the healing of ACL, the final aim was to develop strategies to harmonize qMRI 

parameters across various MRI sequences, as there are many sequences utilized 

throughout research facilities and clinics. 
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1.2.1 Specific Aim 1  

Identify qMRI variables that predict patients at a higher risk of re-tearing their ACL after 

ACL Restoration surgery.  

 

It has been estimated that 1 in 4 patients may suffer a second ACL injury following an 

ACL reconstruction (ACLR) surgery.98 Given that ACL Restoration is a new procedure, 

the reinjury rate has not been fully assessed. Nonetheless, it is unknown whether qMRI 

variables, such as the average ACL cross-sectional area, normalized ACL signal 

intensity, and/or the predicted failure load calculated from those variables, can predict 

risk of reinjury. (Hypothesis 1) We hypothesized that qMRI data obtained 6 to 9 months 

post ACL Restoration surgery, the time at which most patients go back to sport, is 

associated with the risk of revision surgery within 2 years.  

1.2.2 Specific Aim 2 

Advance the qMRI pipeline to correct MR images with metallic susceptibility artifacts.  

 

ACL surgery is an invasive procedure that may leave behind metal particles of different 

sizes in the joint.9 Metallic debris and fixation hardware can distort and occlude regions 

within MR images that can impede accurate segmentations of regions of interest, such as 

the ACL or ACL graft. Manually removing artifacts from ACL MR image segmentations 

can be time-consuming.9 A machine learning algorithm was developed to advance a 

current segmentation pipeline to segment out metallic susceptibility artifacts in MR 

images.9 (Hypothesis 2) We hypothesized that the signal intensity obtained from the 

automatic segmentation pipeline with artifact removed would not be significantly 
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different from the ground truth (manual segmentation) and statistically equivalent within 

a 5% margin of error.  

1.2.3 Specific Aim 3 

Evaluate the influence of ACL surgery on the morphological integrity of the meniscus as 

measured by qMRI.  

 

Concomitant injuries to other structures in the knee, especially the meniscus, are 

frequently associated with ACL tears or present themselves post-surgery.92 Meniscus 

injuries can hinder knee function and lead to early onset PTOA.22,114 To evaluate the 

integrity of the menisci post-surgery, the qMRI variables of the meniscus (i.e., cross-

sectional area and signal intensity) were considered, as these proved to be valuable to 

assess the integrity of healing ligaments and grafts. To identify what would be considered 

baseline meniscal values of CSA and SI on qMRI and to account for any anatomical 

differences between the sexes, an initial analysis was completed to compare CSA and SI 

profiles of the intact limb of males and females. (Hypothesis 3.1) We hypothesized that 

the CSA of the males would be significantly larger than that of females, even when 

normalized for knee size, and the SI profiles would be similar between the sexes, as the 

menisci are intact and should have similar tissue composition. The CSA and SI profiles 

will also be compared between the patient’s surgical and contralateral knee to identify 

morphological changes of the menisci post ACL surgery over 6-, 12-, and 24-months 

post-surgery. (Hypothesis 3.2) We hypothesized that the CSA profile of the medial and 

lateral menisci in surgical knees is larger than in non-surgical knees, and the SI of the 

menisci in the surgical knees will be higher than in non-surgical knees at all time points.  
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1.2.4 Specific Aim 4 

Optimize a deep learning algorithm to transform MR images across sequences.  

 

qMRI parameters, particularly SI, are dependent on the sequence and scanner used.49 

Normalized SI is used as an independent variable to predict the failure load of the 

ACL.15,16 However, the predictive equations were developed using the constructive 

interference in steady state (CISS) sequence on a Siemens 3T magnet. It is currently 

unknown how the predicted failure load can be evaluated from SI values from more 

commonly used MRI sequences, such as the Double Echo Steady State (DESS) sequence, 

a sequence that is important to evaluate articular cartilage health. Deep learning 

algorithms may be able to translate MRI data from the source domain of DESS to the 

target domain of CISS to predict the failure load of the ACL from DESS images. 

(Hypothesis 4) We hypothesized that a deep learning algorithm, CycleGAN, would be 

able to successfully translate the source domain to the target domain.  
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2.1 Abstract 

Quantitative magnetic resonance imaging (qMRI) methods were developed to establish 

the integrity of healing ACLs and grafts. However, the ability of qMRI variables to 

predict the increased or decreased odds of reinjury is unknown. The purpose of this study 

was to determine if qMRI variables measured at 6 to 9 months after an ACL restoration 

procedure can predict the risk of revision surgery within two years of the initial 

procedure. 124 patients underwent ACL restoration surgery as part of the BEAR I, BEAR 

II, and BEAR III prospective clinical trials and consented to undergo an MRI of the 

surgical knee 6 to 9 months after surgery. One subject was lost to follow-up, and four did 

not undergo MRI (n=119). qMRI techniques were used to calculate the average cross-

sectional area (CSA), normalized signal intensity (SI), and a qMRI-based predicted 

failure load, which was calculated using a pre-specified equation based on CSA and 

normalized SI. Patient-reported outcomes (International Knee Documented Committee 

(IKDC) Subjective Score), clinical measures (hamstring strength, quadricep strength, and 

side-to-side knee laxity), and functional outcomes (single-leg hop) were also measured at 

6 to 9 months after surgery. Univariate and multivariable analyses were performed to 

determine the odds ratios (OR) for revision surgery based on the qMRI and non-imaging 

variables. Patient age and posterior tibial slope values were included as covariates. 

Sixteen of 119 patients (13%) required revision ACL surgery within two years. The 

univariate analyses showed higher IKDC subjective score at 6 to 9 months 

postoperatively (OR = 1.66 per 10-point increase, p=.035) and a lower qMRI-based 

predicted failure load (OR=0.66 per 100N increase, p=.014) were associated with 

increased risk of revision surgery. In the multivariable model, which adjusted for age and 
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posterior tibial slope, the qMRI-based predicted failure load was the only significant 

predictor of revision surgery (OR=0.71 per 100N, p=.044). The current findings highlight 

the potential utility of early qMRI in postoperative management of patients undergoing 

ACL restoration. 

2.2 Introduction 

ACL injuries are common in the young active population where the desire to regain 

function and return to sport is high, thus, surgical treatments such as ACL reconstruction 

(ACLR) are commonly performed.98 However, only about half of the patients following 

ACLR can return to their pre-injury activity level, with an estimated 1 in 4 having a 

second ACL injury within the first-year after surgery.69,98 Numerous factors, such as age, 

activity level, anatomical features, and graft type, are associated with the increased risk of 

reinjury following ACLR.76 Given the shortcomings of ACLR (i.e., comorbidities due to 

graft harvest, risk of PTOA), new surgical methods to repair or restore the native ACL 

have been introduced.54,62,118,173 The bridge-enhanced ACL restoration (BEAR) is a 

surgical procedure that stimulates ACL healing by placing an extracellular matrix-based 

implant within the injury site and using it to hold the patient’s blood in the space between 

the torn ends of the ligament.117-120,180 The blood and collagen scaffold subsequently 

creates an environment that is biologically conducive to ligament healing.117 As the ACL 

restoration technique is new, postoperative outcome measures that can predict risk factors 

for reinjury and subsequent revision surgery remain unknown in patients who undergo 

the ACL restoration procedure. 

 Younger age and steeper posterior tibial slope have been identified as risk factors 

for an ACL graft retear.23,76,151,186 Low postoperative patient-reported outcomes (e.g., 



 15 

International Knee Documentation Committee (IKDC) subjective score), clinical 

outcomes (e.g., arthrometer-based knee laxity testing), and asymmetry in joint function 

(e.g., single-leg hop test) have also been used to track ACLR recovery and to 

approximate reinjury risk.72,129,144,179 However, studies have shown that patient-reported 

outcome measurements (e.g., IKDC) introduce bias and inconsistency when compared to 

more objective methods.3,6 These discrepancies become more apparent when comparing 

various validated knee outcome scores.3,70 

 To supplement the existing patient-reported, clinical, and functional assessments, 

non-invasive imaging methods have been developed to evaluate the graft maturity and to 

estimate the structural properties of the surgically treated ACL using quantitative 

magnetic resonance imaging (qMRI).16,19,80,81,159,178 Studies have determined that changes 

in the qMRI parameters, such as signal intensity (SI), volume, and cross-sectional area 

(CSA) of the ligament or graft, can be used to determine the integrity of the healing 

structures, as these parameters have been shown to reflect the biomechanical and 

histological properties of the healing tissue.13,16,19,187 Despite promising preclinical and 

clinical evidence on the utility of qMRI for non-invasive assessment of the healing ACL 

structural properties and postoperative remodeling, these techniques have not yet become 

mainstream. Possible reasons for this include technical challenges in standardizing image 

acquisition parameters or post-hoc harmonization for consistent qMRI results, and the 

lack of high-quality evidence on the relative performance of qMRI metrics in predicting 

ACL surgery outcomes and reinjury risk.49,178 

 The purpose of this study was to analyze the prospectively collected data from the 

BEAR clinical trials to determine if early qMRI parameters (e.g., those obtained at 6- or 



 16 

9- month post-ACL surgery) were associated with the risk of revision surgery during the 

two years following the procedure. The 6 to 9-month window was selected as it 

corresponds to the time that patients are typically cleared to go back to sport.3,6,54 We also 

assessed the ability of common patient-reported, clinical, and functional outcomes, all 

collected at 6 to 9 months postoperatively, to predict the revision risk in the same cohort. 

We hypothesized that 1) qMRI-based measure of the healing ACL structural properties 

(e.g. average CSA, normalized SI, and predicted failure load) collected at 6 to 9 months 

would predict the odds of revision surgery within two years following the initial ACL 

restoration procedure, and 2) qMRI-based measures could improve the ability to predict 

the odds of ipsilateral revision after considering baseline variables (e.g. age, posterior 

tibial slope), and patient-reported, clinical, and functional outcomes at 6 to 9 months in a 

multivariable regression analysis.  

2.3 Methods 

2.3.1 Subjects  

Data were acquired from patients enrolled in the BEAR I (NCT02292004, IRB-

P00012984),120 BEAR II (NCT02664545, IRB-P00021470),118 and BEAR III 

(NCT03348995, IRBP00026162) clinical trials between February 2015 and January 

2019. The three trials were approved by the Institutional Review Boards, and all subjects 

granted their informed consent before participating. BEAR I was a non-randomized 

controlled cohort study with 10 patients, BEAR II was a randomized controlled trial with 

65 patients, and BEAR III was a prospective dual-center cohort study with 49 BEAR 

patients (Figure 1).118,120 Patients were excluded from these trials if they had a history of 

prior knee surgery, knee infection, or potentially adverse risk factors, including a history 
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of nicotine use, corticosteroid use, chemotherapy, diabetes, inflammatory arthritis, sickle 

cell anemia, or anaphylaxis. Patients with concomitant injury to the posterolateral corner, 

grade III medial collateral ligament injury, or complete patellar dislocation were also 

excluded. Of the 124 patients who underwent the ACL restoration procedure, 119 had 

imaging data to carry out the analysis (97%), and revision surgery data were available for 

the 119 patients at two years (Figure 1). A complete description of the 

inclusion/exclusion criteria has been previously published.118,120  

 

Figure 1. STROBE (Strengthening the Reporting of Observational Studies in 

Epidemiology) diagram detailing the flow of patients through the analysis. BEAR, 

bridge-enhanced ACL restoration; SSDKT, side-to-side difference in KT knee laxity. 

2.3.2 Surgical Procedure 

The ACL restoration procedure utilizes a resorbable implant to provide a platform on 

which the patient’s blood can stimulate the torn ACL to heal.119-121 The implant is a 

scaffold composed of bovine extracellular matrix proteins, primarily collagen, which acts 
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to hold autologous blood between the torn ligament ends. The scaffolds were 

manufactured at Boston Children’s Hospital. Investigational Device Exemptions for the 

use of the implant in the three trials were granted by the FDA.117  

 Details of the BEAR procedure have been previously described.118,120 In brief, a 

whipstitch (Vicryl; Ethicon) was placed in the tibial stump. A cortical button combined 

with a polyester suture stent (Ethibond; Ethicon) was passed through the femoral tunnel 

and secured to the proximal femoral cortex. The polyester sutures were threaded through 

the BEAR scaffold and a tibial tunnel and secured in place with an extracortical button. 

The scaffold was then saturated with 5 to 10 mL of the patient’s blood, and the tibial 

stump was pulled into the saturated scaffold to repair the ACL.118,120 

2.3.3 Image Data  

MR imaging was performed 6 to 9 months post-surgery on a 3T scanner (Tim Trio or 

Prisma; Siemens, Erlangen, Germany) using a 15-channel transmit/receive knee coil 

(Siemens). For the BEAR I and II clinical trials, the Constructive Interference in Steady 

State (CISS) sequence was acquired for the surgical limb on the Time Trio (Table 1). 

Harmonization to standardize the images between the two scanners was performed as 

previously described.49 The Prisma scans were scaled to the Tim Trio scans due to 

hardware-necessitated differences in the sequence acquisition parameters (Table 1). The 

ACL was then segmented from the MR image stack by an observer with more than 8 

years of experience in ACL segmentation (A.M.K.) using commercial imaging software 

(Mimics; Materialise, Leuven, Belgium).  
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Table 1. MRI Acquisition Parameters for Constructive Interface in Steady State sequence 

on Tim Trio and Prisma Scanners 

 BEAR I, II, and III BEAR III 

Scanner Tim Trio (n = 109) Prisma (n=10) 

Flip Angle 35 35 

Repetition Time (ms) 12.78 12.92 

Echo Time (ms) 6.39 6.46 

Field of View (mm) 140 x 140 130 x 160 

Acquisition matrix (-) 384 x 384 512 x 270 

Voxel Size (mm) 0.36 x 0.36 x 1.50 0.31 x 0.31 x 1.00 

 

2.3.4 qMRI Outcome Measures 

The normalized SI and average CSA of the ACL were obtained from the MR images at 6 

to 9 months after the initial ACL surgery. The normalized SI was calculated from the 

values of each voxel within the segmented ACL, normalized SI was calculated from the 

values of each voxel within the segmented ACL, normalized to the SI of the anterior 

cortex of the femur, and log base-2 transformed as the data were normally distributed 

(Eq. 1).16 The anterior cortex of the femur was selected because it is consistently near the 

noise floor. The difference in background noise texture between scanners was used as a 

scaling term to harmonize the scanners (∆Noise).16  

𝑆𝐼𝑠𝑐𝑎𝑙𝑒𝑑 = log2 (
𝑆𝐼𝐴𝐶𝐿 +  ∆𝑁𝑜𝑖𝑠𝑒

𝑆𝐼𝐵𝑜𝑛𝑒 +  ∆𝑁𝑜𝑖𝑠𝑒
) 

(Eq. 1) 

 

The mean CSA was calculated by dividing the ACL volume by the ACL length. 

The qMRI prediction model of ACL failure load was previously determined using a 
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porcine model of ACL repair, from which qMRI and tensile failure data were avaiable.16 

The models were scaled to humans by exchanging the ligament volume parameter of the 

previous study with the average CSA to account for ligament size differences between 

pigs and humans. The updated model used normalized SI and CSA as independent 

variables to predict the failure load of the ACL (Fmax) (Eq.2).16 All measurements were 

completed within one month of imaging, and values were stored until the two-year 

outcomes were measured. The imaging examiner was blinded to the postoperative 

outcomes.  

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐹𝑚𝑎𝑥 =  𝛽0 + 𝛽1𝑆𝐼 +  𝛽2𝐶𝑆𝐴 (2) 

Preoperative MR images were used to measure the posterior slope of the tibial plateau in 

the medial compartments as previously described.80,81 The posterior slope of the medial 

tibial plateau was measured in a sagittal slice at the center of the medial plateau as the 

angle between a line that joined the peak points on the anterior and posterior rims of the 

plateau and a line perpendicular to the longitudinal axis of the tibia. Measurements were 

performed based on established techniques by an experienced member (A.M.K.) using a 

commercially available image viewer (Osirix Viewer v8.5, Pixmeo SARL).80,81  

2.3.5 Patient Follow-Up and Non-Imaging Outcome Measures 

Six patient-reported, clinical, and functional outcomes were assessed between 6 to 9 

months after surgery: 1) the IKDC subjective sore, 2) the side-to-side difference in KT 

knee laxity (SSDKT), 3) quadriceps strength ratio (%surgical: contralateral), 4) hamstring 

strength ratio (%surgical : contralateral), 5)quadricep-hamstring strength ratio of the 

surgical leg, and 6) single-leg hop ratio (%surgical : contralateral). The IKDC subjective 

score was calculated based on patients’ responses to the IKDC questionnaire.72,129 The 
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arthrometer measurements (KT-1000; MEDMetric, San Diego, CA) were performed by 

an experienced independent examiner, who was blinded to surgical laterality and 

treatment using knee sleeves.33 Hamstring and quadriceps isometric muscle strength were 

measured using a handheld dynamometer (Microfet 2; Hoggan Scientific, LLC, Salt Lake 

City, UT). All measures were performed on each knee in duplicate and duplicates were 

averaged.12 During the single-leg hop test, patients wore a brace on the surgically treated 

knee.  

2.3.6 Statistical Analyses  

Logistic regression analyses were performed by an experienced statistician (G.J.B.) to 

identify outcomes obtained at 6 to 9 months postoperatively, including qMRI, patient-

reported, clinical, and functional outcomes, and baseline variables that were significant 

predictors of revision surgery prior to the two year assessment. First, unadjusted odds 

ratios were estimated for each variable using univariate logistic regression (i.e., one-

predictor-at-a-time). Next, a multivariable logistic regression model utilizing a forward 

stepwise approach was implemented to determine the best set of predictors of subsequent 

revision and their associated adjusted odds-ratios. To limit the number of potential 

predictors, only variables with p<.20 for their bivariate relationship with two year 

revision were considered as candidates for the multivariable model. Two baseline 

variables, age at surgery and posterior slope of the tibial plateau in the medial 

compartments (MTS), were forced into the multivariable stepwise model (i.e., step 0) as 

they have been previously shown to be predictive of revision.154 A multiple imputation 

procedure was used (n=5 iterations) to allow the use of all cases in the multivariable 

analyses because listwise deletion of cases due to incomplete data on candidate clinical 
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variables adversely affects the sample size used for the stepwise multivariable regression 

model. All analyses were conducted using SAS statistical software (Version 9.4, SAS 

Institute, Cary, NC, USA) with statical significance based on p<.05.  

2.4 Results 

2.4.1 Baseline Characteristics 

The mean ± standard deviation (SD) age of the patients in the three studies was 17.6 ± 

7.1 years. Sixty-four (54%) of the patients were female. Ninety-eight (82%) of the 

patients were Caucasian (non-Hispanic). The mean ± SD of the body-mass index (BMI) 

was 23.9 ± 3.4 (kg/m2). The mean SD of the MTS was 5.2 ± 2.4 degrees. Table 2 

presents the qMRI, patient-reported, clinical, and functional outcomes recorded at 6 to 9 

months postoperatively, considered potential predictors of revision surgery. 
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Table 2. qMRI and Non-Imaging Outcome Measures at 6 to 9 Months Postoperative 

(n=119).   a n=115, b n=118, c n=101, SSDKT = Side-to-side difference in KT (surgical : 

contralateral) 

Postoperative qMRI Outcomes  

Average Cross-Sectional Area (mm2), mean ± SD 60.2 ± 14.6 

Normalized Average Signal Intensity, mean ± SD 1.3 ± 0.2 

Predicted Failure Load (N), mean ± SD 705 ± 207 

Postoperative Patient-reported, Clinical, and Functional Outcomes 

IKDC subjective score, mean ± SD 78.7 ± 13.4 

SSDKT (mm), mean ± SDa 2.5 ± 2.8 

Quadriceps Strength (% contralateral), mean ± SDb 94.4 ± 17.1 

Hamstrings Strength (% contralateral), mean ± SDb 91.6 ± 20.2 

Hamstring : Quadriceps Ratio (%), mean ± SD 47.3 ± 15.2 

Single-Leg Hop Ratio (% contralateral), mean ± SDc 84.9 ± 17.6 

2.4.2 Univariate Predictors of Revision 

Sixteen (13%) of the 119 analyzed patients required revision surgery prior to the two year 

follow-up visit. Outcomes significantly associated with increased risk of revision at two 

years were a higher IKDC subjective score at 6 to 9 months postoperatively (p=.035) and 

a lower predicted failure load on the 6 to 9 month postoperative qMRI (p=.014; Table 3). 

Each 10-unit increase in IKDC subjective score (total range 100 points) corresponded to 

a 65% increase in the odds of revision ACL surgery. Additionally, a 100 Newton (N) 

increase in qMRI predicted failure load corresponded to a 34% decrease in the odds of 

revision. The average CSA and normalized SI on the 6 to 9 month qMRI were marginally 
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associated with increased odds of revision (p<.06), with lower CSA and higher 

normalized SI associated with increased risk of two year revision (Table 3).  

Table 3. Unadjusted odds ratios associated with revision by two year follow-up. P-

Values in bold type are significant. SSDKT = side-to-side difference in KT (surgical : 

contralateral) 

Postoperative qMRI Outcomes Odds Ratio 95% CI P-Value 

Average Cross-Sectional Area (mm2), 

per 10 mm2 increase 

0.64 0.41, 1.01 .054 

Normalized Average Signal Intensity 1.63 0.99, 2.69 .057 

Predicted Failure Load (N), per 100N 

increase 

0.66 0.48, 0.92 .014 

Postoperative Patient-reported, Clinical, and 

Functional Outcomes 

  

IKDC subjective score, mean ± SD 1.66 1.04, 2.65 .035 

SSDKT (mm), mean ± SDa 1.09 0.91, 1.32 .35 

Quadriceps Strength (% contralateral), 

mean ± SDb 

1.06 0.77, 1.46 .71 

Hamstrings Strength (% contralateral), 

mean ± SDb 

1.17 0.92, 1.49 .19 

Hamstring : Quadriceps Ratio (%), 

mean ± SD 

1.06 0.77, 1.47 .71 

Single-Leg Hop Ratio (% 

contralateral), mean ± SDc 

1.27 0.90, 1.80 .18 
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2.4.3 Multivariable Predictors of Revision 

After adjusting for patient age and MTS in the multivariable analysis, the 6 to 9 months 

postoperative qMRI predicted failure load was the only significant predictor of 2-year 

revision risk after the initial surgery (Table 4). Each 100N increase in predicted failure 

load measured at 6 to 9 months corresponded to a 29% decrease in the odds of revision 

ACL surgery within two years.  

Table 4. Adjusted odds ratio associated with revision surgery on multivariable stepwise 

logistic regression. P-values in bold type are significant. 

Predictor Odds Ratio 95% CI P-Value 

Age (years), 1 year increase 0.65 0.47, 0.90 .009 

Medial Tibial Slope (degrees), 1.25 0.97, 1.61 .079 

Predicted Failure Load (N), per 100N increase 0.71 0.51, 0.99 0.044 

 

2.5 Discussion 

This study demonstrated that an increase in predicted failure load of the healing ACL, as 

measured by qMRI variables at 6 to 9 months after surgery, was associated with 

decreased odds of revision surgery by two years. Predicted failure load remained a 

significant predictor after adjusting for baseline variables (i.e., age, posterior tibial slope). 

Patient-reported, clinical, and functional outcomes at 6 to 9 months did not contribute to 

the predictive ability of revision in the multivariable model.  

 Traditionally, return to sport decisions were based on time, with athletes typically 

being returned to sport at 6 to 9 months after surgery.193 More recently, some surgeons 

have also included a battery of patient-reported, clinical, and functional outcomes to 
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guide the postoperative care plan for safe return to sports.19 Acceptable scores on 

assessments such as subjective rating scales, knee laxity tests, and functional hop testing 

have been used to determine a patient’s readiness to return to play.19 These outcomes 

remain controversial as studies have shown reinjuries occurring shortly after using these 

assessments to decide if a patient is ready to return to sport.30,135,143,189 These assessments 

lack sufficient resolution to directly assess the healing ligament and are often influenced 

by factors unrelated to the ACL structure. For example, physical examinations of the 

knee (e.g., the Lachman and pivot shift test) can be influenced by the injury or 

hypertrophy of secondary stabilizers of the knee.57,165 Functional testing (e.g., hop testing 

and balance testing) can be influenced by the quality of the rehabilitation program, 

patient compliance, and fear of reinjury.24,135 Patient-reported outcomes after ACL 

surgery have been shown to be influenced by self-esteem levels, body mass index, and 

smoking.24,61 All of these support the need to improve current clearance protocols, 

including the addition of non-invasive qMRI approaches to directly assess the healing 

ligament. These techniques have been shown to identify detailed structural changes in 

healing ligament and provide an objective evaluation of ligament maturation and 

remodeling after surgery.80,81,178 Our current observations are in agreement with a recent 

study that focused on signal intensity, indicating an increased risk of hamstrings autograft 

failure in patients with a higher signal intensity ratio at one year.140 The current study 

used a combination of CSA and normalized SI to measure predicted failure load to 

determine the odds of revision surgery, which was evaluated in both univariate and 

multivariable settings.  
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 Among all the patient-reported, clinical, and functional outcomes, only the IKDC 

subjective score was associated with subsequent reinjury within two years in the 

univariate analysis. Interestingly, the results of this study demonstrated that a higher 

IKDC subjective score was predictive of a higher risk of revision after the ACL 

restoration surgery, while prior work has demonstrated a higher IKDC score was 

associated with a lower risk of revision surgery for ACL reconstruction patients.24,115,190 

One possible explanation for this finding is that patients with higher IKDC score felt 

better at an earlier timepoint and may have returned to activates earlier as a result.24 

Future work should better quantify postoperative activity levels in ACL restoration 

patients.  

 A previous porcine study utilized a similar sequence to that used in the current 

study and demonstrated that volume and normalized SI were independent predictor 

variables of the maximum failure load.16 The previous study also showed that an increase 

in tissue volume and a decrease in normalized SI were related to a higher maximum 

failure load.16 A combination of both variables in the maximum failure load prediction 

model provided a significant improvement in the prediction of the maximum failure load 

(R2=.73), compared to either variable by itself (R2 ≤.56).16 These prior findings align 

with those of the current study as it would be expected that an increase in the healing 

ACL failure load would lessen the risk of revision surgery. These findings complement 

prior reports of temporal changes in ACL or graft normalized SI within two years after 

surgery, corresponding to tissue healing, and those associated with high graft SI to 

incomplete healing and integration, as well as graft rupture within one year after ACL 

reconstruction.80,81,140 
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 Postoperative qMRI parameters have not been used to measure the risk of ACL 

revision surgery in ACL restoration patients, to our knowledge. This study, therefore, 

provides new insight by suggesting that the predicted failure load, as calculated using 

qMRI techniques at 6 to 9 months, is associated with the risk of revision within two years 

post-surgery. This result indicates that for every 100N increase in predicted failure load 

measured at 6 to 9 months, the odds of revision by two years significantly decreased by 

29%. This result provides evidence that a direct assessment of ACL integrity provides 

valuable data to predict the risk of ACL restoration failure. Future prospective studies are 

needed to assess whether the use of qMRI assessment can reduce ACL revision surgery 

when making return to sport decisions. A strength of this study was the low number of 

patients lost to follow-up, with 120 of the original 124 patients receiving the 6 to 9 month 

MRI and 119 patients providing information on revision surgery at the two year follow-

up. An additional strength of this study was that the qMRI assessor was blinded to 

postoperative outcomes and did not know which patients had reinjured their ACL at the 

time of the analysis. The qMRI data were collected at the 6 to 9-month time point and 

analyzed prior to obtaining the revision data for all patients.  

 This study also has limitations. The total sample size (n=119) of this cohort and 

the number of revisions (n=16) were relatively small. Accordingly, derived confidence 

intervals for the estimated odds-ratio were quite wide. A study with an increased sample 

size would lead to more precise point estimates and may potentially identify additional 

factors with smaller effect sizes that may also be associated with failure. Nonetheless, 

both the univariate and multivariable analyses showed that the qMRI-predicted failure 

load was associated with subsequent revision surgery. In addition, this study only 



 29 

evaluated the outcomes of patients undergoing the ACL restoration procedure. However, 

we believe the qMRI methods could be successfully applied to ACL reconstruction 

patients as well. Therefore, it would be interesting to determine the relationships between 

the qMRI parameters and graft failure after ACL reconstruction or primary repair in 

future studies. While ACL reconstruction patients were included in the BEAR I and 

BEAR II trials, the sample size (n=10 and n=35) was too small to be considered for this 

analysis.118,120 Another limitation was that the MR images were only acquired on 

scanners by one manufacturer. Future studies should explore if these same equations and 

qMRI methods would be applicable when different manufacturer magnets are utilized. 

Lastly, the imaging was performed using a Tim Trio scanner in the single site BEAR I 

and II trials, while both the Tim Trio and Prisma scanners were used in the BEAR III 

trial. However, a recently validated harmonization procedure was used to standardize the 

qMRI images between scanners.49 Future large-scale prospective studies are needed to 

confirm the current findings and assess the utility of qMRI in revision prediction after 

ACL reconstruction.  

 The current study provides an example of how qMRI parameters can be used to 

assess the integrity of a healing ACL after the BEAR procedure. Several hurdles, 

including cost, must be overcome to translate qMRI in routine clinical practice to predict 

the integrity of the healing ligament or graft. To aid in translation, we have developed 

harmonization procedures to standardize qMRI results between scanners.49 We have also 

engineered automatic ACL segmentation techniques to reduce the segmentation time 

from hours to seconds to obtain the qMRI parameters required for the prediction.47,48 An 

automatic pipeline that included image harmonization, ACL segmentation, and the 
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predicted equations to determine the failure properties of the healing ligament is under 

development. We intended to extend the post-processing pipeline to include ACL grafts 

to increase generalizability and to help facilitate the clinical translation of qMRI. qMRI 

provides a tool to evaluate rehabilitation progress and assist with return to sport decisions 

when needed, in light of the additional costs of an MRI. 

 In conclusion, qMRI obtained at 6 to 9 months after bridge-enhanced ACL 

restoration surgery determined that the predicted failure load at that time point was a 

significant predictor of revision ACL surgery within two years of the procedure. Taken 

together, these data suggest that a direct measure of the structural properties of the 

healing ligament using qMRI techniques may be beneficial to assess rehabilitation 

progress and inform return to sport decisions.  
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3.1 Abstract 

MRI has the potential to identify post-operative risk factors for retearing an ACL using a 

combination of imaging CSA and SI of the healing ACL. During surgery, micro-debris 

can result from drilling the osseous tunnels for graft and/or suture insertion. The debris 

presents a limitation when using post-surgical MRI to assess reinjury risk as it causes 

rapid magnetic field variations during acquisition, leading to signal loss within a voxel. 

The present study demonstrates how K-means clustering can refine an automatic 

segmentation algorithm to remove the lost signal intensity values induced by the artifacts 

in the image. MRI data were obtained from 82 patients enrolled in three prospective 

clinical trials of ACL surgery. Constructive Interference in Steady State MRIs were 

collected at 6 months post-operation. Manual segmentation of the ACL with metallic 

artifacts removed served as the gold standard. The accuracy of the automatic ACL 

segmentations was compared using the Dice coefficient, sensitivity, and precision. The 

performance of the automatic segmentation was comparable to manual segmentation 

(Dice coefficient = .81, precision = .81, sensitivity = .81). The normalized average signal 

intensity was calculated as 1.06(± 0.25) for the automatic and 1.04(± 0.23) for the 

manual segmentation, yielding a difference of 2%. These metrics emphasize the 

automatic segmentation model’s ability to precisely capture ACL signal intensity while 

excluding artifact regions. The automatic artifact segmentation model described here 

could enhance qMRI’s clinical utility by allowing for more accurate and time-efficient 

segmentations of the ACL.  
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3.2 Introduction 

qMRI of the ACL has been used to assess the healing tissue after ACL surgery.13,15,16,25,81 

MRI offers the potential to identify the risk of reinjury of the healing ACL or ACL graft, 

specifically utilizing a measure of normalized SI.8,91 However, a significant challenge 

when using MRI to assess postoperative healing is the presence of susceptibility artifacts 

caused by metallic micro-debris.47,48,65,136 Micro-debris is frequently introduced into the 

joint from the instruments used to drill the osseous tunnels for graft and/or suture 

insertion during ACL surgery.47,65,136 The metallic micro-debris causes rapid magnetic 

field variations when acquiring the images, leading to dephasing and signal loss within a 

voxel. This signal loss produces dephasing and signal loss within a voxel.65 This signal 

loss reproduces black regions in the image where otherwise there would be signal.65 

Accurate automatic segmentation of the ACL tissue that simultaneously avoids artifacts 

is a significant barrier to implementing qMRI in clinical practice to assess reinjury risk. 

Thus, post-processing software for automatic image segmentation is needed that will 

eliminate the impact of metallic artifacts on the overall signal intensity of the ACL or 

ACL graft, enhancing the predictive utility of qMRI for assessing reinjury risk in the 

clinic.35 

 Discrete Wavelet Transformation (DWT) is an image processing approach to 

extract high-frequency components of MR images to highlight fine edges and 

structures.32 Rabottino et al employed DWT, in addition to a contouring method for 

segmentation, and successfully separated various types of tissues in mammographic 

images.141 This study demonstrated how DWT can be used as a pre-processing step 

before applying machine learning models for automatic segmentation. DWT extracts 
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frequency and spatial information from data, capturing key features such as edges and 

lines, elements that can contribute to more information than raw voxel data alone.32,67,147 

 Clustering machine learning algorithms, such as K-means clustering, can be used 

in segmentation tasks to identify a cluster structure in a dataset characterized by high 

similarity within the same cluster and high dissimilarity between different 

clusters.29,36,124,147,156,166 K-means clustering is one of the simplest, computationally 

efficient, and widely used unsupervised segmentation methods that relies on the image 

voxels.29,36,124,131,147,156,166,196 K-means clustering partitions data into a predetermined 

number of clusters (k).36,67,153,166 There are two steps in K-means clustering: 1) 

calculating the k centroids and 2) assigning each voxel to the nearest cluster centroid 

from the representative imaging data.36,153 The centroid is determined as the point that 

minimizes the sum of distances from all other points in the cluster.36 A commonly used 

method to define the distance of the nearest centroid is Euclidean distance.36 Once the 

distances are calculated, the centroid is established, K-means clustering aims to minimize 

the sum of distances from each point to its cluster centroid over all centroids.36,67,153 

  Manual segmentation of the ACL without artifacts is time-consuming even when 

performed by an experienced examiner. 48The average automatic segmentation time of an 

intact ACL has been reported to be 0.33 seconds per subject, whereas manual 

segmentation takes approximately 2 hours even when no artifacts are present.48 When 

artifacts are present, the manual segmentation task becomes more complicated and thus 

would add more time to complete the task.48 

 The study objective was to develop a method to enhance the automatic 

segmentation of healing ACL tissues by applying DWT and K-means clustering to 
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effectively remove artifacts that interfere with quantitative image analysis.47,48 In this 

study, the performance of this enhanced automatic approach was compared to the most 

commonly used method, manual segmentation.47 We hypothesized that the automatic 

segmentation model with the artifacts removed would attain good performance (scores 

greater than 0.80) indices (i.e., Dice coefficient, sensitivity, and precision) when 

compared to the manual segmentation with the artifacts removed by an experienced 

examiner. Normalized signal intensity was chosen as a quantitative feature for analysis 

because it has been used as an input for ACL structural property prediction 

models.8,15,16,121 We also hypothesized that the average normalized signal intensity of 

both segmentation methods would yield differences within a 5% margin of equivalence 

(p-value <.05), indicating that the automatic segmentation method would yield equivalent 

results to manual segmentation.  

3.3 Methods 

3.3.1 Image Data  

The MR imaging data were obtained from 82 patients enrolled in three Institutional 

Review Board-approved clinical trials of an ACL restoration procedure (Bridge-enhanced 

ACL restoration (BEAR); BEAR I Trial (NCT02292004), BEAR II Trial 

(NCT022664545), and BEAR III Trial (NCT03348995)).118,121,154 All patients provided 

their informed consent prior to surgery, and the imaging data were de-identified and 

shared for the current assessment. Patients who underwent either the BEAR or ACL 

reconstruction procedures were included. All MR images from the surgical limbs, those 

that included artifacts of varying amounts and those that did not, were included in this 

analysis. The MR images were obtained from the surgical limb of the 82 patients six 
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months after their initial surgery on a 3T scanner (Tim Trio; Siemens) using a 15 channel 

transmit/receive knee coil (Siemens) and a Constructive Interference in Steady State 

sequence (Table 5). The ACL and the artifacts were manually segmented from the MRI 

stack by an examiner with more than 9 years of experience in ACL and ACL graft 

segmentations (A.M.K.) using commercial imaging software (Mimics; Materialise). 

Previous reliability assessment of repeated manual segmentations by this examiner using 

this software was shown to be high (ICC>0.97), justifying it’s use as the ground truth.48,49 

 

 Table 5. MRI Acquisition Parameters for Constructive Interface in Steady State 

sequence on Tim Trio  

 BEAR I, II, and III 

Scanner Tim Trio (n = 82) 

Flip Angle 35 

Repetition Time (ms) 12.78 

Echo Time (ms) 6.39 

Field of View (mm) 140 x 140 

Acquisition matrix (-) 384 x 384 

Voxel Size (mm) 0.36 x 0.36 x 1.50 

 

3.3.2 Image Processing 

Discrete wavelet transformation (DWT) was applied to each image slice from the image 

stack to extract frequency and spatial information to sharpen key geometric features such 

as edges and lines within the image (PyWavelets, 2025).32,67,147 The image slice was 

extracted from the MR image stack, and DWT was performed using the biorthogonal 
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wavelet, which decomposes the image into four sub-bands: approximate (LL), horizontal 

detail (LH), vertical detail (HL), and diagonal detail (HH) (Figure 2).32,141,147 To enhance 

high-frequency components, the LL sub-band, which contains low-frequency 

information, was set to zero. An inverse wavelet transform was then applied to 

reconstruct the image with only high-frequency details, resulting in a high-pass filtered 

image that highlights edges and fine structures (Figure 3).  

 

Figure 2. Discrete Wavelet Transformation four sub-bands; approximate (LL), horizontal 

detail (LH), vertical detail (HL) and diagonal detail (HH). 

 The DWT step highlights significant features by suppressing low-frequency 

information, allowing high-frequency content like edges and small structures to be 
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emphasized in every image slice in the MR image stack (Figure 2). In this way, DWT 

effectively isolates essential structural features by emphasizing high-frequency details 

while minimizing low-frequency content, which can aid in the artifact detection and 

segmentation tasks by creating distinct boundaries of the artifacts in MR images. The 

high-pass filtered image was then combined with the original MR image, which produced 

the sharpened image to be used as the input for the K-means model segmentation 

algorithm (Figure 3).  

 

Figure 3. Original MR image before DWT and the sharpened MR image after DWT with 

red arrows pointing to metallic artifacts along the ACL (outlined in yellow). 

3.3.3 K-means Algorithm 

After processing the MR images with DWT, the resulting sharpened image stack served 

as the input for the K-means clustering algorithm (Figure 3). The use of K-means 

requires an ideal number of clusters, known as k, to be selected through prior knowledge 

of the data or extensive trial and error, as the suggested range of clusters varies between 3 

and 10 (Figure 4).141,142,153 The optimal number of clusters (k) selected for this study was 

determined by a method that measured the data through the intra-cluster distances and 
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inter-cluster distances of each voxel value in the image.142,153 To identify the ideal 

number of clusters, the ratio between the intra-cluster and inter-cluster distances was 

minimized to determine the value of k that indicated more compact clusters.142,147,153 The 

ideal number of clusters was determined to be 10 for this application. The K-means 

clustering algorithm was then applied to the image, grouping the voxels into 10 clusters. 

The algorithm groups the voxels into clusters based on their similarity, cluster centers are 

determined, and used to reconstruct the image according to their assigned labeled cluster 

center. Due to the dark voxel signal intensity of the metallic artifacts, the artifacts are 

clustered into the minimum voxel cluster center. 

 

Figure 4. K-means relabeling of an MR image using k of 3, 5, and 10. 

A binary mask from the automatic segmentation algorithm was used to isolate the 

region of interest, the ACL.47,48 Contours were identified within the segmented image 

based on a predefined voxel area, creating a boundary around the minimum cluster center 

encapsulating the artifact regions on the MR image (Figure 5). The contours that 

represented artifact regions were subtracted from the original binary ACL mask, 

producing the final segmentation mask with the artifact regions removed (Figure 5). Once 

all slices in the MRI stack were processed, the stack was combined to create a 3D model 
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representation of the ACL with the artifacts removed crating a precise model with only 

ACL tissues for further ACL signal intensity analysis (Figure 5).  

 

Figure 5. MR image with contours superimposed to original binary mask produced a 

modified ACL mask with artifacts removed. The mask was used to create a 3D 

representation of the ACL with artifacts removed. 

3.3.4 Performance 

Anatomical similarity between the manual and automatic methods was evaluated using 

three metrics: 1) Dice coefficient, 2) precision, and 3) sensitivity. The Dice coefficient 

quantifies the overlap between the automatic and manual segmentations, with values 

closer to 1 indicating a higher degree of similarity between the two segmentations.47 

Precision evaluates the proportion of correctly identified segments among those predicted 

as positive, reflecting the model’s ability to avoid false positives.47 Precision values 
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above 0.8 are considered good, representing at least 80% of the regions identified as 

ACL, minimizing the inclusion of artifacts in the segmentations.47 A high precision 

ensures that the automatic segmentation accurately identifies the ACL without mistakenly 

labeling irrelevant regions or labeling artifacts as relevant regions. Sensitivity measures 

the ability of the automatic segmentation to correctly identify true positive (i.e., 

accurately segmented regions), indicating how well the model detects only the ACL.47 A 

value above 0.8 is considered good, as it indicates that at least 80% of the true positives 

(i.e., actual ACL regions) are correctly identified by the automatic segmentation.47 

Collectively, these metrics provided a comprehensive evaluation of the segmentation 

performance, ensuring that the automatic method was both accurate in identifying ACL 

structures and precise in minimizing misclassifications and inclusion of artifacts.  

3.3.5 Statistical Analysis  

Generalized estimating equations (GEE) were used to assess the difference between 

segmentation types (i.e. manual vs automatic) (proc glimmix, SAS Version 9.4, SAS 

Institute Inc. Cary, NC) with interaction terms evaluated to test whether the differences of 

ACL signal intensities varied by treatment type (i.e. ACL reconstruction, ACL 

restoration) or the study trial from which the data were obtained (i.e. BEAR I, BEAR II, 

BEAR III). MR images were collected across the three clinical trials, and to ensure 

consistency among images, the signal intensity of the segmented ACLs for both the 

automatic and manual methods was normalized to cortical bone, scaled by the 

background noise ratio, and log-transformed.49,118,120,154 A two-one-sided t-test (TOST) 

was conducted within the model to test whether the segmentation methods were accurate 

compared to each other within a 5% margin of error. The null hypothesis was that the 
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segmentation methods would yield differences outside the 5% margin of equivalence, 

while the alternative hypothesis was that the segmentation methods would be within the 

5% margin of equivalence.  

3.4 Results 

The automatic segmentation model with the artifacts removed achieved good anatomic 

performance scores (Figure 6; Dice coefficient = 0.81±0.09, precision = 0.81±0.09, 

sensitivity = 0.82±0.12). Example segmentations are shown in Figure 7. 

 

Figure 6. Violin plots that show the anatomic performance metrics for automatic 

segmentation. The dashed black line signifies a score of 0.8. The median score is 

represented as a solid black line and each patient’s score as a black dot on the graph 

(n=82; median Dice coefficient=.81±0.09, precision=.81±0.09, sensitivity=.82±0.12). 

 The effect of segmentation type (i.e., manual vs automatic) on ACL signal 

intensities did not differ across treatment type (i.e., ACL reconstruction or ACL 
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restoration) (p = .10) or study trial (i.e., BEAR I, BEAR II, BEAR III) (p = .10). 

Therefore, the data were pooled across treatment type and study trial. Normalized 

average ACL signal intensity with the artifacts removed from the patients was 

1.04(±0.23) for the manual segmentation (95% Confidence Interval= 1.00 to 1.09) and 

106(±0.25) for automatic segmentation (95% Confidence Interval= 1.02 to 1.11), 

yielding a difference of 2% (95% Confidence Interval= 0.031 to 0.03, P<0.0001).  

 

Figure 7. Example segmentation of ACL (left with red arrows pointing to artifacts), 

manually segmented (middle), and automatically segmented (right). 

3.5 Discussion 

This study presents the advancements to an automatic segmentation algorithm that was 

developed to address the challenges in segmenting ACL tissue affected by metallic 

susceptibility artifacts in MR images. By evaluating anatomical performance measures, 

we demonstrated the effectiveness of the method using MR images obtained at the 6-

month post-operative time point, the time at which clinicians initially consider return to 

sport decisions.66 The results demonstrated the good anatomical accuracy of the 

automatic segmentation process to remove artifacts.  
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 Metallic artifacts pose significant challenges when using MRI post-surgery. Metal 

artifact reduction sequences such as Slice Encoding for Metal Artifact Correction 

(SEMAC) or Multi-Acquisition with Variable Resonance Image Combination Selective 

(MAVRIC) have been used to optimize imaging around metal, specifically large 

hardware such as orthopaedic implants.66,75 However, our artifact correction pipeline 

focuses on the artifacts caused by micro-debris. Furthermore, our sequence was 

previously optimized for detecting changes in the ACL signal intensity.15 It is possible 

that artifact reduction sequences for micro-debris could be developed to provide 

correction during ACL imaging in the future.   

 The previous automatic segmentation model without artifact removal produced a 

decrease in anatomical similarity performance for post-surgical ACL segmentation, 

which was largely driven by the presence of susceptibility artifacts.47,136 These artifacts 

cause rapid magnetic field variations when acquiring images, leading to signal loss on 

portions of the ligament.65 The loss of signal significantly affects segmentation accuracy 

and lowers the mean signal intensity values of the ligament or graft because of the signal 

loss due to the artifacts. Flannery et al. demonstrated that MR scans without metal 

artifacts were able to achieve automatic segmentations with the sensitivity and Dice 

coefficient increased by 2% while the precision increased by 4% when compared to the 

automatic segmentations of MR scans with artifacts.47 Our processing algorithm 

addressed these limitations by incorporating DWT and K-means clustering for handling 

metallic artifacts, leading to enhanced precision in ACL segmentation. This advancement 

is not only critical for achieving accurate anatomical segmentations but also serves as a 

foundation for enhancing qMRI-based models that can predict structural properties from 
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ACL MR images containing metallic artifact distortions.8 Ensuring reliable segmentation 

in the presence of artifacts is a necessary step toward the effective clinical application of 

these predictive models.8  

 The anatomical performance of the automatic segmentation pipeline was 

evaluated using key metrics such as the Dice coefficient, sensitivity, and precision, which 

collectively provide a robust measure of the segmentation’s accuracy and reliability with 

manual segmentation. The Dice coefficient of 0.81 indicates a strong overlap between the 

automatic segmentation and the ground truth, suggesting reliable alignment with manual 

segmentation. While this level of agreement is promising and suggests that the algorithm 

can effectively replicate expert-defined boundaries, the slight deviation from the perfect 

alignment highlights the influence of metallic artifacts to cause distortions which can 

obscure tissue contrast ultimately affecting the precision of the automatic segmentation.  

 The precision (0.81) and sensitivity (0.82) values demonstrate a balanced ability 

to include relevant ligament tissue while avoiding false positives. The algorithm 

effectively identified true ACL tissue while minimizing inclusion of irrelevant 

surrounding tissue or artifacts (precision) and captures the full extent of the ligament 

structure (sensitivity). While these values demonstrate effective segmentation, they also 

highlight areas where performance could be improved, such as better artifact 

differentiation and enhanced model training with diverse datasets. At the same time, the 

consistency in values across all metrics highlights the robustness of the segmentation 

approach despite these challenges, providing a reliable framework for addressing the 

complexities of segmenting ACL tissues in the presence of metallic susceptibility 

artifacts.  
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 As for clinical utility, signal intensity is essential for assessing tissue integrity 

during recovery, as it can provide valuable insight into ligament density and healing 

progression.8,14,15,121 The similarity in average normalized signal intensity values between 

the manual (1.04±0.23) and automatic (1.06±0.25) methods, which fell within the 5% 

equivalence margin, suggests that the automatic pipeline preserves the relevant qMRI 

features. These findings demonstrate the effectiveness of the algorithm for anatomical 

segmentation, while also highlighting the importance of maintaining signal intensity 

equivalence. Ensuring reliable signal intensity readings, particularly in images affected 

by metallic artifacts. The consistent performance across metrics validates the 

advancements made to the automatic segmentation pipeline and provides a foundation for 

possible clinical translation. 

 This study leveraged DWT combined with K-means clustering to enhance the 

segmentation of the ACL in MR images. The advanced automatic segmentation approach 

successfully distinguished metallic artifacts in both ACL grafts and healing native ACLs, 

demonstrating its adaptability to different tissue conditions. This adaptability highlights 

the robustness of the algorithm in handling diverse anatomical and post-surgical 

scenarios, further advancing its potential for clinical applicability. Additionally, K-means 

clustering provides a computationally efficient method for classifying voxel intensities, 

making it easy to identify artifact regions through contouring around the minimum voxel 

intensity. 137 A current limitation of qMRI is the time it takes to manually segment 

important anatomical structures such as the ACL. An additional challenge with post-

surgical segmentation is identifying and compensating for metal artifacts.32,36,67,75,141,147 

The advancements of more computationally efficient methods of post-processing MRIs, 
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such as automatic segmentation that can compensate for metallic artifact may increase the 

feasibility of implementing qMRI into clinical setting.48  

 This study is not without limitations. Due to the limited sample size of patients 

with metallic artifacts within the ACL boundaries, we were unable to utilize deep 

learning algorithms to retrain our automatic segmentation pipeline to avoid the artifact 

regions. Nonetheless, our method was determined to be robust based on the performance 

metrics. Another limitation was that the reliance on K-means clustering to relabel voxel 

values of an image can result in suboptimal outcomes if the initial cluster centers are 

poorly chosen.141,153 Well-chosen clusters ensure that the relabeled voxel values 

accurately represent distinct image features, preserving essential details and enhancing 

the quality of subsequent analysis of artifact regions.141,147,153 Furthermore, K-means is 

intensity threshold-based, meaning that its effectiveness can vary significantly across 

different MRI sequences or scanners, which may limit generalizability. Future work 

should explore the integration of a more sophisticated clustering algorithm or deep 

learning technique to further enhance segmentation performance regardless of MRI 

sequence or machine. Lastly, manual segmentation served as the ground truth metric, 

which could be observer-dependent.49 The manual segmentations were performed by an 

observer with 9 years of experience, which have been previously shown to be reliable.48  

 There has been a longstanding challenge of dealing with artifacts present in MR 

images of healing ACL and/or graft tissues post-operation.47,49,136 The presence of 

metallic micro-debris has made it exceedingly difficult to develop automatic post-image 

processes to acquire qMRI parameters such as ACL signal intensity.47,49,136 The present 

study demonstrated that DWT in combination with K-means clustering can be integrated 



 48 

into an automatic segmentation pipeline to automatically segment the ACL while 

removing artifact regions in a precise and efficient manner.  
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4.1 Abstract  

Detailed location-specific meniscal size and MR-derived structural properties across 

meniscal regions to identify sex-based differences are not well established. The proposed 

advanced imaging method allows for localized measurements of meniscus CSA and SI 

along the arc length in females and males. We hypothesized that females would exhibit 

smaller normalized CSA values than males and that SI profiles would not differ between 

sexes. MR images of non-injured knees from 105 individuals (60 females; age 13-35) 

were analyzed to quantify CSA and SI along the medial and lateral meniscal arc lengths. 

Measurements were normalized to knee size to enable sex-based comparisons. 

Normalized lateral meniscus CSA did not differ significantly between females and males. 

In the medial meniscus, normalized anterior CSA was significantly smaller in females 

than males (P < .001; 0.04 mm2/mm). No significant sex-based differences were observed 

in SI profiles along the arc length for either meniscus. This study demonstrates regional 

sex-based differences in normalized medial meniscus CSA but no differences in 

normalized SI for either meniscus. Given that differences of the normalized CSA were 

observed only in the anterior region of the medial meniscus, sex-based variations may not 

be globally distributed across the meniscus, but instead confined to specific anatomical 

regions. This underscores the importance of subregional analyses, as whole-structure 

analyses may exclude localized differences.  
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4.2 Introduction  

The menisci are crescent-shaped fibrocartilaginous soft tissues with wedge-like CSA that 

are essential for load transmission and distribution, shock absorption, and 

stabilization.2,46,104,113,163 The wedge-shaped cross-section of the meniscus allows for the 

transfer of axial forces between the round femoral condyles and flat tibial 

plateau.104,108,181 The medial meniscus covers 51-74% of the articular surface of the 

medial tibial plateau, while the lateral meniscus covers 75-93% of the articular surface of 

the lateral tibial plateau.133 Together, the menisci collectively transmit approximately 40-

60% of the axial force through the knee, distributed between the medial and lateral 

compartments.88 Biomechanically, the size and shape of the meniscus dictate how the 

contact force between the femoral condyles and tibial plateau can be distributed across 

the joint, with a greater contact area resulting in decreased tibiofemoral contact stress.40 

Disruption to the meniscal tissue due to injury or impact loading can severely alter joint 

biomechanics and result in pain.40,87,174 Abnormalities can be observed on MRI, with 

increased SI indicating the presence of injury or tissue degradation.89 

 Significant knee size differences between sexes have been reported. Males were 

found to have, on average, a 9-mm larger mediolateral measurement of the femoral 

condyle and an average of 8-mm larger mediolateral measurement of the tibial plateau.101 

Sex-based differences were also found in the medial and lateral menisci length, width, 

horn distance, and normalized CSA, in which females had smaller menisci than age-

matched boys (15-18 years).78 A large-scale analysis revealed that female menisci 

covered less of the tibiofemoral joint surface.55 Maximum articular contract stressed 

magnitude and distribution have been found to be predictors of knee osteoarthritis, 
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especially after a traumatic event such as an ACL tear, which can lead to post-traumatic 

osteoarthritis (PTOA).160 The difference in meniscal features that are correlated with 

greater loading in females may partially explain why females are more likely to develop 

PTOA, even in the absence of injury.55 Zonal MR T2 values have been previously 

evaluated in a young, healthy population, where medial and lateral menisci were 

averaged, and differences were reported primarily in the red and red/white zones, with 

men showing significantly lower T2 values than women.175 However, these studies 

assessed broad zonal averages rather than detailed regional variation. Therefore, localized 

sex-based differences in meniscal size and MR-derived properties across the anterior, 

middle, and posterior regions are unknown.  

 The study aimed to systematically characterize the CSA and SI along the arc 

length of the contralateral, uninjured menisci in a cohort of females and males who had 

undergone ACL surgery. The contralateral limb was examined to characterize any 

potential underlying anatomical differences. We hypothesized that in the uninjured 

meniscus, 1) the regional CSA in females will be significantly smaller than in males, 

even when normalized by knee size, and 2) no significant difference would be found in 

the normalized meniscal SI profiles between females and males. 

4.3 Methods  

4.3.1 Data Source  

The study protocol was carried out in accordance with all relevant guidelines and 

regulations. The de-identified MR images used for this analysis (n = 105, 60 females and 

45 males, age: 13-35 years) were obtained from subjects enrolled in the IRB, and FDA-

approved BEAR I and BEAR II clinical trials (Clinicaltrials.gov: NCT02292004; 
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NCT02664545; IRB#: P00012985 and P0002147).118,119 All subjects provided their 

informed consent. The current analysis utilized the MRI scans of the uninjured 

contralateral knees of individuals who had undergone ACL surgery in their other knee. 

Patients missing contralateral images or with an injured or discoid meniscus in the 

contralateral knee were excluded (Figure 8). 

 

Figure 8. STROBE Diagram of patients included in the analysis 

4.3.2 Image Data 

Images of the knees were acquired using the three-dimensional Constructive Interference 

in Steady State (CISS) sequence (TR/TE = 14/7 msec, FA =35, Voxel Size = 

0.4mmx0.4mmx1.5mm) using a 3T (Tim Trio, Siemens Healthcare, Erlangen, Germany) 

and a 15-channel knee coil (Siemens Healthcare, Erlangen, Germany). The menisci were 

automatically segmented from the 3D MR image stack using a 3D UNet based 

convolutional neural network (Dice coefficient score 0.98).103 The automatic 
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segmentations were manually verified by two experienced examiners using commercial 

image processing software to visually confirm the proper alignment of the 3D segmented 

mesh of the menisci to the meniscal regions in the MRI (Mimics v23.0; Materialise) 

(Figure 9). 

 

Figure 9. Axial view of a MRI of average knee sized female (top row) and male (bottom 

row) without (left column) and with (right column) segmentation masks where the lateral 

meniscus is masked in red and the medial meniscus is masked in yellow. 

4.3.3 Imaging Outcomes  

The CSA and corresponding SI values from the segmented menisci were analyzed using 

a custom MATLAB script (Mathworks). Each meniscus segmentation resulted in a mesh 

composed of faces and vertices.106 Principal component analysis (PCA using Statistics 
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and Machine Learning Toolbox in MATLAB R2023a) was performed on the vertex 

coordinates to identify the primary anatomical axes for each mensici.105 After 

transformation, the coordinate system had been orientated relative to the meniscus, where 

the Z-axis was orientated in the superior-inferior direction, the Y-axis in the anterior-

posterior direction, and the X-axis in the medial-lateral direction. The transformations 

ensured that the coordinate system had the positive X-axis consistently pointed towards 

the center of the joint and the positive Z-axis pointed in the superior direction. However, 

due to the orientation of the X and Z axes, depending on the meniscus (lateral or medial) 

and the limb (right or left), the positive Y-axis would point either towards the anterior or 

posterior region of the meniscus.  

 The Taubin Circle Fit method was then used to fit a circle to the outer meniscus 

rim in the XY plane (Circle Fit (Taubin Method) version 1.0.0).172 The center of which 

was used to standardize meniscal orientation and facilitate inter-patient comparisons.172 

The CSA measurements were incrementally performed at discrete steps along the arc 

length of the outer meniscus rim (Figure 10). These steps were located at approximately 

2.5-degree increments to create sixty equally spaced sections, which were then 

normalized from 0 to 100% of the meniscus arc between the anterior root and posterior 

root insertions (Figure 10). 
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Figure 10. The sixty equally spaced CSA measurements taken over the arc of the lateral 

(A) and medial (B) meniscus shown by the black lines. Regions of the meniscus are 

denoted as [A] Anterior, [M] Middle, and [P] Posterior. The meniscal coordinate system: 

Superior-inferior axis (red), medial-lateral axis (blue)and anterior-posterior axis (black) 

 At each angular step, the CSA of the 3D meniscal surface in a plane perpendicular 

to the meniscus (i.e., along the z-axis) was computed along with the average SI (Figure 

11). In addition to the CSA measurement, the mean SI within the intersecting region was 

calculated by averaging the voxel SI values corresponding to the intersected area. The 

same MR images were also used to measure the bicondylar width of the femur at the 

level of the popliteal groove in the coronal plane, measured with a straight line from the 

lateral to the medial epicondyles.111 The CSA was normalized by dividing the patients’ 

CSA values by their bicondylar width to ensure that accurate comparisons could be made 

between knees of various sizes.80,121 The SI was normalized using a previously 

established post-processing protocol for ACL MR image analysis, which accounts for 

variations in noise texture across different MR scanners.49 Although all images were 

acquired on the same scanner, normalization was applied to align with previously 

established workflows. This normalization method (Eq. 2) incorporated the SI of the 

anterior cortex of the femur (𝑆𝐼𝐵𝑜𝑛𝑒) with the SI of the meniscus slice (𝑆𝐼𝑀𝑒𝑛𝑖𝑠𝑐𝑢𝑠) , 

A B 
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which is then log-base 2 transformed and scaled using the measure of background noise 

(∆𝑁𝑜𝑖𝑠𝑒) to calculate the normalized SI of the meniscus slice (𝑆𝐼𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑).49  

𝑆𝐼𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = log2 (
𝑆𝐼𝑀𝑒𝑛𝑠𝑖𝑐𝑢𝑠 + ∆𝑁𝑜𝑖𝑠𝑒

𝑆𝐼𝐵𝑜𝑛𝑒 + ∆𝑁𝑜𝑖𝑠𝑒
) 

(Eq. 2) 

 

 

Figure 11. (A) Intersection of a plane to the 3D meniscus (B) the meniscal CSA and (C) 

the corresponding SI values. The meniscal coordinate system: Superior-inferior axis (red) 

medial-lateral axis (blue) and anterior-posterior axis (black). 

4.3.4 Statistical Analysis  

CSA, normalized CSA, and normalized SI values were extracted from both menisci to 

generate a continuous morphological profile at equally spaced intervals along the entire 

arc length. Mean values and corresponding 95% confidence intervals (CIs) were plotted 

to illustrate the CSA, normalized CSA, and normalized SI changes along the normalized 

arc length. Statistical Parametric Mapping (SPM, som1d MATLBA toolbox) was used to 

statistically compare CSA profiles between females and males.134 The resulting SPM 

output included unpaired t-test statistics across the arc length of the meniscus, to 

highlight the regions that were significantly different. SPM utilizes Random Field Theory 

(RFT) to calculate the critical threshold for the t-statistic continuum, which accounts for 

the smoothness of the measurements calculated across the arc length.134 RFT was shown 

to provide better correction than the standard Bonferroni correction because Bonferroni 
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assumes every point on the curve is independent, resulting in too many false negatives.134 

RFT adjusts to the specific search space of the curve or region of interest (ROI) and the 

continuous smoothness of the data to apply a correction factor to provide a proper 

correction to the t-test statistics across the arc length of the meniscus.134 

4.4 Results  

4.4.1 Cross-Sectional Area  

The mean CSA values for the males were significantly greater than those of the females 

along the entire arc length for the lateral (Figure 12) and medial (Figure 13) menisci. The 

maximum mean standard deviation differences between the sexes were 6.0±1.9 mm2 and 

8.0±1.6 mm2 for the lateral and medial menisci, respectively.  

 

Figure 12. Mean and 95% Confidence Interval of the Lateral Meniscus (Unnormalized) 

CSA between Females and Males. The regions significantly different between males and 

females are marked by the horizontal bar. 
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Figure 13 . Mean and 95% Confidence Interval of the Lateral Meniscus (Unnormalized) 

CSA between Females and Males. The regions significantly different between males and 

females are marked by the horizontal bar. 

 

4.4.2 Normalized Cross-Sectional Area  

The normalized CSA patterns varied along the lateral meniscus arc length. The largest 

normalized CSA was in the posterior region of the lateral meniscus in both males and 

females (Figure 14). There were no significant regional differences in lateral meniscus 

normalized CSA between females and males.  
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Figure 14. Mean and 95% Confidence Interval of the Lateral Meniscus Normalized CSA 

between Females and Males. 

 On average, the medial meniscus had similar normalized CSA patterns between 

females and males (Figure 15). The peak normalized medial meniscus CSA was between 

70-80% of the meniscus arc length for both sexes. There were significant differences in 

the normalized medial meniscus CSA between females and males in the anterior region 

of the meniscus (arc length range: 10-45%), with females having a smaller CSA than 

males by 0.04 mm2/mm (P < .001) (Figure 15). 
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Figure 15 . Mean and 95% Confidence Interval of the Medial Meniscus Normalized CSA 

between Females and Males. 

 The bicondylar widths used for the CSA normalization of the female and male 

subjects had mean values of 70.3±4.87 mm and 77.1±4.13mm, respectively, values that 

were significantly different (p < .001). The average volumes and standard deviations of 

the lateral and medial menisci were calculated for the sexes, along with the minimum and 

maximum range. The lateral meniscus for males had an average volume of 1856.9±235.5 

mm3 (1261.4 – 2410.4 mm3) while the average volume for females was 1447.59±225.4 

mm3 (1053.4 – 1972.99 mm3). The average volume of the male medial meniscus was 

2049.1±375.0 mm3 (1280.0 – 3323.0 mm3), while the female average was 1618.9±326.5 

mm3 (1002.4 – 2336.1 mm3) (Figure 16). 
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Figure 16. Contour comparisons between an average knee sized male (cyan) and female 

(red) lateral (left) and medial (right) menisci. 

4.4.3 Normalized Signal Intensity  

On average both females and males followed similar patterns with the highest average 

normalized SI in the anterior region of the lateral meniscus (range: 0-10%) The mean 

peak normalized SI values for the males and females were 0.78±0.13 and 0.77±0.12, 

respectively (Figure 17). The highest mean normalized SI was in the posterior region 

(range: 90-100%) of the medial meniscus with the female mean peak SI of 0.71±0.13 

and the peak male SI of 0.72±0.13 (Figure 18). No significant differences were found in 

the lateral or medial menisci normalized SI profiles between females and males.  
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Figure 17. Mean and 95% Confidence Interval of the Lateral Meniscus SI between 

Females and Males 

 

Figure 18. Mean and 95% Confidence Interval of the Lateral Meniscus SI between 

Females and Males 
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4.5 Discussion 

This study demonstrated a novel methodological approach to detect differences in CSA 

and SI profiles along the arc length of the menisci between females and males. The 

current findings suggest that females and males have similar CSA profiles in the medial 

and lateral menisci. The CSA values of the menisci are dependent on knee size, as there 

were significant differences found along the entire arc length of both the medial and 

lateral menisci when the CSA values were not normalized to knee size. Females 

consistently had smaller meniscal CSA values. To account for knee size variations 

between males and females and to properly compare meniscal size differences, the CSA s 

were normalized to the bicondylar width.111 When the CSA values were normalized, 

significant differences were only found in the medial meniscus, with females exhibiting 

smaller values in the anterior region. The findings do no support our initial hypothesis in 

stating that females would have significantly smaller menisci when normalized for knee 

size, as the CSAs were only significantly smaller when not normalized for knee size. As 

hypothesized, no significant differences were found in the SI values along the arc length 

between females and males, as the knees analyzed in this study were not injured.  

 Increased SI of the meniscus has been used to detect pathologic alterations.63 A 

high SI indicates the location of an injury.63 Previous research has also shown that the 

magnitude of SI is directly related to the severity of meniscal degeneration.195 Studies 

have reported that the mean SI of the medial meniscus was significantly higher in 

arthritic knees compared to non-arthritic knees.192 To our knowledge, no studies have 

investigated regional differences in normalized SI between sexes in uninjured knees. 

There were subtle differences in signal intensity profiles between the lateral meniscus, 
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which ranged from approximately 0.3 to 0.8, while the medial meniscus ranged from 

approximately 0.2 to 0.7. Regional meniscal signal intensities likely reflect 

vascularization and microstructural differences such as water content and collagen 

orientation.104 The normalized SI values reported in this study were similar between 

sexes, suggesting that the material properties of the tissue may be consistent between 

females and males. Thus, this study provides baseline data that would be useful for future 

studies investigating the role that knee injury may play in the integrity of the meniscal 

tissue whereby normalized SI’s that exceeded the threshold of 0.70-0.78 (±0.12) may be 

indicative of injury or tissue degeneration. Future studies could also examine longitudinal 

changes of SI in injured limbs to better understand how injury affects meniscal SI values 

and PTOA in females and males.  

 The lateral meniscus exhibited location-dependent variation in CSA along the arc 

length. In the lateral meniscus, normalized CSA peaked between 80-90% of its arc 

length, with males showing a slightly higher peak than females. Similarly, the medial 

meniscus CSA peaked in the posterior region (70-80% of the arc length). The larger 

normalized CSA of the lateral and medial meniscus in the posterior region correlates with 

the location where the menisci experience the highest pressure on the cartilage.184 There 

was a significant difference in the normalized CSA observed in the anterior portion of the 

medial meniscus (9-23% of the arc length) between males and females. The anterior 

region of the medial meniscus plays a role in transmitting hoop stresses, particularly 

during full knee extension, and controlling anterior femoral displacement.183 The sex 

implications of this are unknown. Nonetheless, these findings indicate that while the 

general shape and distribution of both meniscal CSA values are similar between sexes, 
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localized regions, especially in the anterior medial meniscus, show measurable 

differences that may have implications for sex-specific risk of injury.  

 The CSA observations found in this study are in line with prior reports of overall 

sex differences in meniscus size.2,40,55,78,93,101,132 These data show that when normalizing 

CSA values by knee size, significant differences between the sexes remain present in the 

medial meniscus. Previous research has reported that males, on average, have a 5-mm 

larger femoral anteroposterior dimension than females. Studies have also reported overall 

smaller tibial mediolateral dimensions and tibial mediolateral/anteroposterior ratios in 

females than males.101 Additionally, studies have reported significant meniscal size sex-

based differences.88 The current study builds on previous work as it determined that 

normalizing the CSA values by knee size, significant differences between the sexes was 

only present in the medial meniscus. 

 Although females are overall smaller than males when compared on a population 

level, a smaller meniscus CSA can be associated with higher stress, and potentially 

higher injury risk, especially in the presence of small changes in CSA, which can 

disproportionately elevate stress and promote PTOA.40 Although only sex-based 

differences in the normalized CSA of the medial meniscus were identified in this study, 

they may not fully explain the higher incidence of knee PTOA or injury risk observed in 

females compared to males. A variety of additional intrinsic factors, such as differences 

in tissue composition, hormonal influences, and anatomical variations in surrounding 

joint structures, likely contribute to these disparities as well. These elements may interact 

in ways that influence joint mechanics and cartilage health. Future investigations should 

focus on the longitudinal evaluation of the changes in meniscal morphology in an injured 
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knee to determine how these intrinsic differences evolve over time and which ones may 

exacerbate sex-specific risks. Such insights could help identify the mechanisms that 

contribute to the increased risk of knee PTOA and inform prevention or treatment 

strategies.  

 There are several important study limitations to consider. First, the data were 

derived from the contralateral, uninjured limb of patients who had experienced a 

unilateral ACL injury. The ipsilateral ACL injury could introduce bias, as individuals 

with a history of ACL injury could possess intrinsic factors that predispose the knees and 

menisci to injury or degeneration. Second, previous studies have demonstrated that tibial 

and femoral cartilage thickness values decrease during physical activity, with the 

cartilage height gradually returning with rest, and the same response may also be true for 

meniscal tissue.17 In the present study, we did not implement a standardized rest protocol 

before imaging, and therefore, there is some uncertainty about whether patients’ menisci 

were under the influence of prior weight-bearing or activity-induced compression that 

could potentially influence the CSA measurements. To improve consistency and 

physiological relevance, future studies could implement a controlled unloading period 

before imaging and/or conduct the imaging within a consistent time of day to ensure that 

menisci are assessed in a standardized, non-compressed condition that better reflects the 

baseline geometry in the absence of loading. Future studies could use this approach to 

provide quantitative changes of CSA and SI between the patient’s surgical and 

contralateral limb to identify differences in meniscal integrity post-ACL surgery. The 

inclusion of Finite Element Analysis of the tissue, along with this robust method of 

evaluating the menisci, would further advance the progress towards personalized 
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rehabilitation strategies (Appendix A). By identifying these baseline differences prior to 

surgical intervention, we can ensure that subsequent analyses of post-surgical tissue 

changes can be interpreted within the context of known anatomical variation.  

 Our findings provide a practical alternative method for meniscal assessment that 

is more robust than traditional approaches, such as single-slice measurement or averaged 

analyses. First, anatomical location selection should be explicitly defined and 

standardized, as our data demonstrate that meniscal morphology and signal 

characteristics naturally vary across the region regardless of sex. Measurements obtained 

from a single slice or generalized by a region may not reflect the meniscal properties and 

may exclude localized differences. Based on our analysis, the anterior horn of the medial 

meniscus demonstrated the greatest difference with regard to CSA measurement between 

the sexes. This region may be particularly important and suitable when a single-location 

measurement is absolutely required. However, if feasible, we recommend sampling 

consistently, such as along defined regions in a step-wise manner along the meniscal arc 

length rather than relying solely on mid-body slices or averaging along the total arc 

length to improve reproducibility and allow for further comparisons across studies. 

 This study offers new insights into the heterogeneity of meniscal CSA and SI 

along the arc lengths of both menisci. Sex-based differences in CSA, even when 

adjusting for knee size, are present, though there are no differences in the normalized SI. 

The SI finding indicates that there are no regional differences in the tissue integrity 

between the sexes in a healthy knee. The study emphasizes the importance of accounting 

for anatomical location when evaluating meniscal morphology in females and males.   



 69 

CHAPTER 5: Longitudinal Mapping of Meniscal Morphology After 

ACL Surgery 

 

Longitudinal Quantitative Mapping Reveals Persistent Meniscal Morphological and 

Signal Intensity Differences After ACL Surgery 

 

 

Dominique A. Barnes, Crystal J. Murray, Mohammadreza Movahhedi, PhD, Jillian E. 

Beveridge, PhD, Ata M. Kiapour, PhD Martha M. Murray, MD Braden C. Fleming, PhD 

 

 

 

The following chapter is currently under review in The American Journal of Sports 

Medicine.  

  



 70 

5.1 Abstract  

Meniscal tears are frequently associated with ACL injuries. Evaluating longitudinal 

changes in meniscus integrity using qMRI following ACL surgery may provide valuable 

insight into joint recovery and subsequent reinjury risk. We hypothesized that the CSA 

and normalized SI profiles of the lateral and medial menisci for the surgical knees would 

be greater than those of the contralateral uninjured knees observed at 6-, 12-, and 24-

months post-surgery. We also hypothesized the CSA and SI profiles obtained at 24-

months would be closer to those of the contralateral limb when compared to those of the 

6- and 12-month time points. Deidentified post-surgical MR images of patients (n = 82; 

median age 17.6 years; 42 females and 40 males; 57 ACL restoration and 25 ACL 

reconstruction) were analyzed. CSA and normalized SI values were extracted from the 

lateral and medial menisci to create morphological profiles. Statistical Parametric 

Mapping (SPM) was used to compare the CSA and normalized SI profiles between the 

surgical and contralateral limbs to identify specific regions that were significantly 

different along the menisci at 6-, 12-, and 24-months. The CSA and normalized SI 

profiles of the anterior region of the medial menisci and lateral menisci for the surgical 

knees were greater than those of the contralateral uninjured knees, observed at 6-, 12-, 

and 24-month post-surgery, while the posterior region CSA of the medial menisci was 

smaller. The lateral meniscus on the operated limb had a larger CSA and higher 

normalized SI values than the lateral meniscus in the contralateral limb. The CSA and SI 

profiles obtained at 24-months did not approach those of the contralateral limb when 

compared to those of the 6- and 12-month time points. There were significant changes 

that occurred in both menisci post-ACL surgery that did not return to baseline levels 
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within 24 months. It is important to account for anatomical location when evaluating 

meniscal morphology in surgical knees and when evaluating the effects of ACL injuries 

on the surrounding tissues.  

5.2 Introduction 

The lateral and medial menisci are vital for normal knee function and joint longevity.52 

The menisci transmit load across the joint and decrease the stress placed on the articular 

cartilage.52,104 Studies have shown that approximately 40-60% of the axial load from the 

femur is transmitted to the meniscus.52,68,164 The wedge-like cross-section of the menisci 

allows for the tissue to modulate axial loads of the femur into hoop stresses.34,51 Without 

the menisci’s ability to convert axial stress into hoop stress, greater forces are 

concentrated onto the articular cartilage, which may lead to its degeneration and , 

ultimately, the development of OA.34,104  

 Meniscal tears are frequently associated with ACL injuries.27,59,125 A previous 

study reported that concomitant meniscal injuries occurred in 61% of the patients 

presenting with an ACL injury, with the prevalence of concomitant lateral and medial 

meniscus injuries reported to be 48% and 25%, respectively.145 Injury to the menisci and 

subsequent treatment, such as partial or complete meniscectomy, has been associated 

with an increased risk of reinjury to the ACL and increased risk of PTOA in patients who 

undergone ACL reconstruction surgery.59,107,108,130,162  

 Recovery and risk of reinjury for patients who undergo ACL surgery have largely 

been tracked using patient-reported outcomes, clinical outcomes, and asymmetries in 

dynamic joint function.56,98,113,140 To supplement existing metrics, qMRI was introduced 

to non-invasively assess the structural properties of the ACL or ACL graft.16,19,80,81,159,178 
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Pathologic abnormalities of ligaments and grafts can be observed on qMRI as an increase 

in the structure’s SI, indicating the presence of an injury or tissue degradation.89 

Furthermore, the combination of CSA and SI of the healing ACL has been shown to be 

predictive of the tissue’s strength as well as revision risk within 2 years after ACL 

surgery.8,14,16 qMRI has been used to quantify meniscal healing as well.146 Ex vivo 

studies have shown that qMRI metrics can be reflective of morphological differences in 

the meniscus.122,123 An in vivo human study further supported that qMRI metrics, 

specifically UTE-T2* mapping, are sensitive to meniscal compositional changes.26 For 

this study, SI and CSA were included as qMRI metrics to be evaluated due to clinical 

relevance for the assessment of ACL pathologies during the rehabilitation period. 

Evaluating longitudinal changes in meniscus integrity using qMRI following ACL 

surgery may provide valuable insight into joint recovery and subsequent injury risk.  

 The objective of this longitudinal study was to evaluate early morphologic 

changes of the lateral and medial menisci using qMRI. Measurements were taken at 6, 

12, and 24 months post-surgery in patients that underwent either ACL reconstruction or 

ACL restoration (Bridge-Enhanced ACL Restoration) surgery.118,119 The CSA and SI 

profiles of the lateral and medial menisci were compared between surgical and intact 

contralateral knees. This comparison aimed  to identify post-surgical morphological 

changes in the menisci. It was hypothesized that the CSA and SI profiles of the lateral 

and medial menisci of the surgical knees would be greater than those of the contralateral 

knees at all time points. Additionally, it was  hypothesized that at 24 months, the CSA 

and SI profiles would align more closely to the contralateral limb than at earlier time 

points.  
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5.3 Methods  

5.3.1 Data Source 

Deidentified MR images of patients enrolled in the IRB and FDA approved ACL 

restoration trials (clinicaltrials.gov; NCT02292004; NCT02664545) were utilized in this 

study (n=82; median age 17.6 (range: 13-35) years; 42 females and 40 males; 57 ACL 

restoration and 25 ACL reconstruction) (IRB#:P00012985 and P00021470), both of 

which were performed at Boston Children’s Hospital (Figure 19). 118,119 All subjects 

granted their informed consent. The included patients underwent unilateral ACL surgery, 

either ACL restoration or ACL reconstruction, and were pooled together for this analysis 

to increase sample size. The patients returned at 6, 12, and 24 months to undergo MR 

images of both knees. Patients with a reported injured or discoid menisci in the 

contralateral knee at the time of MR image acquisition or missing MR images at any of 

the three time points were excluded from this analysis (Figure 19). 
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Figure 19. STROBE (Strengthening the Reporting of Observational Studies in 

Epidemiology) diagram detailing the flow of patients through the analysis. 

 Patients that had meniscal tears in their surgical limb were included in this 

analysis. Of the 82 patients included (Figure 19), 58 patients (71%) had reports of 

meniscal tears in their surgical limb (Table 6). At the time of surgery, 36 patients 

presented with lateral meniscal tears in the posterior region, accounting for 44% of the 

patient population, with 18 counts (22% of the patient population) of the posterior medial 

meniscus tears recorded at the same time point (Table 6). 
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Table 6. Reported Meniscus Injuries at Various Time Points  

 At Time of 

Surgery 

6-Months 12-Months 24-Months 

Lateral Meniscus     

Anterior 3 1 0 2 

Middle 3 1 1 1 

Posterior 36 8 1 2 

Medial Meniscus     

Anterior 0 0 0 2 

Middle 2 0 0 1 

Posterior 18 8 4 5 

 

5.3.2 Surgical Procedures  

The details of ACL restoration and ACL reconstruction procedures have been previously 

reported.118,119  The imaging data from the cohort used in this analysis come from two 

previously published clinical trials.118,119 Of the total number of patients included in the 

present analysis, 57 patients underwent ACL restoration, and 25 underwent ACL 

reconstruction (Figure 19). For the ACL restoration procedure, a scaffold, which was 

composed of extracellular matrix proteins, was implanted to provide a bridge over the 

torn ends of the ACL. The scaffold was then saturated with the patient’s blood to 

stimulate the ACL to heal. The ACL reconstruction was performed following a standard 

procedure using a quadrupled semitendinosus-gracilis autograft.118 A continuous-loop 

cortical button was used for proximal fixation and a bioabsorbable interference screw for 

tibial fixation.118  
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5.3.3 Image Data 

MR images of the knees were acquired via the three-dimensional Constructive 

Interference in Steady State (CISS) sequence (TR/TE = 14/7 msec, FA = 35, 16 cm FOV, 

80 x 512 x 512 [slice x frequency x phase]) using a 3T scanner (Tim Trio, Siemens) and a 

15-channel knee coil. The images of the surgical knee were acquired at 6, 12, and 24 

months. MR images of the contralateral knees were obtained at only one-time point (6-, 

12-, or 24-months) to minimize scanner time. The menisci were automatically segmented 

from each patient’s 3D image stack using a 3D UNet based convolutional neural network 

(Dice coefficient score 0.98).103 The automatic segmentations were verified by two 

experienced examiners using commercial image processing software (Mimics v23.0; 

Materlise).  

5.3.4 Imaging Outcomes  

The post-processing method used to obtain the CSA and SI measurements from the 

menisci segmentation has been described in detail in the previous chapter. In summary, 

the segmented menisci were represented as 3-dimensional meshes, and their principal 

axes were defined using principal component analysis of the vertices.105,106 The 

coordinate systems of each meniscus were orientated such that the Z-axis corresponded to 

the superior-inferior direction, the Y-axis to the anterior-posterior direction, and the X-

axis to the medial-lateral direction. A Taubin circle fit was applied in the mid-zone of 

each menisci to identify the center point and standardize meniscal orientation for inter-

patient comparisons.172 For both menisci, CSA was computed at sixty equally spaced 

steps (~2.5 degree increments) along the meniscal arc length, normalized from anterior to 

posterior root where the anterior region was considered the first third of the normalized 
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length, the middle was the center third, and the posterior region was the final third of the 

normalized length (Figure 10).  

 At each step, the CSA was calculated by intersecting a plane perpendicular to the 

superior-inferior axis (Z-axis), and SI was obtained by averaging the voxel values that 

fell within the intersected plane (Figure 11). Differences in CSA were quantified by 

subtracting the surgical from the contralateral limb values for each meniscus at each step. 

SI values were normalized for inter-scan variability using a previously described 

postprocessing protocol incorporating the femoral cortex and scaled using the 

background noise (Eq. 2).49  

5.3.5 Statistical Analysis  

CSA and normalized SI values were extracted from both the lateral and medial menisci to 

generate continuous morphological profiles of each meniscus at equally spaced intervals 

along the entire arc length. Mean values and corresponding 95% confidence intervals 

(CI) were plotted to illustrate the CSA and normalized SI changes along the arc length. 

SPM was used to compare the CSA and normalized SI profiles between the surgical and 

contralateral limbs. All of the patients included in this study underwent imaging of their 

surgical limb at the 6, 12, and 24 months with the addition of the contralateral limb, 

therefore, no there were no missing data in this study. The resulting SPM outputs for each 

meniscus highlighted specific regions that were significantly (P < .05) different along the 

arc length of each meniscus.  
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5.4 Results  

5.4.1 Cross-Sectional Area 

There were no significant CSA differences observed between time points (6, 12, and 24 

months) for the lateral meniscus of the surgical limb. Significant differences along the arc 

length of the lateral meniscus were found between the contralateral and surgical limbs (P 

< .001), specifically in the anterior and posterior regions at all time points (Figure 20). On 

average, the CSA was 27% larger in the surgical limbs’ anterior region and a 16% larger 

difference in the posterior region across all time points.  

 

Figure 20. Mean and 95% Confidence Interval (CI) of the lateral meniscus and CSA 

between the contralateral limb (gray dashed) and the surgical limb at 6-months (blue), 12-

months (yellow), and 24-months (red). Significant differences between surgical and 

contralateral limbs are marked with horizontal bars (***p < .001) 

 There were no significant differences observed between the time points (6, 12, 

and 24 months) for the medial meniscal CSA of the surgical limb. The CSA of the 
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surgical limb had a significantly larger CSA in the anterior region compared to the 

contralateral limb at all time points (p = .014) (Figure 21). On average across all time 

points, the CSA was 11% larger in the anterior region across all time points, however, the 

CSA of the posterior region was 10% smaller in the surgical limb compared to the 

contralateral limb at 24-months (p = .049). 

 

Figure 21. Mean and 95% Confidence Interval (CI) of the medial meniscus CSA 

between the contralateral limb (gray dashed) and the surgical limb at 6-months (red), 12-

months (green) and 24-months (blue). Significant differences between surgical and the 

contralateral limbs are marked with horizontal bars (**p = .20; *p = .049). 

5.4.2 Normalized Signal Intensity  

There were no significant differences in the normalized SI profiles for the lateral 

meniscus imaged at 6, 12, and 24 months in the surgical limb. However, the normalized 

SI values were significantly higher (p < .001) in the anterior, middle, and posterior 

regions in the surgical limb compared to the contralateral limb (Figure 22). On average, 
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the surgical limb has a 15% higher normalized SI compared to the contralateral limb in 

the anterior, middle, and posterior regions.  

 

Figure 22. Mean and 95% Confidence Interval (CI) of the lateral meniscus normalized SI 

between the contralateral limb (gray dashed) and the surgical limb at 6 months (red) 12 

months (green) and 24 months (blue). Significant differences between surgical and 

contralateral limbs are marked with horizontal bars (***p < .001; **p = .010) 

 No significant differences were detected between time points (6, 12, and 24 

months) of the normalized SI profiles of the surgical limbs. A significant difference was 

found for the normalized SI in the middle and posterior regions of the medial meniscus 

between the surgical and contralateral limbs (Figure 23). On average, the surgical limb 

had a 12% higher normalized SI compared to the contralateral limb in the middle and 

posterior regions.  
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Figure 23. Mean and 95% Confidence Interval (CI) of the medial meniscus normalized 

SI between the contralateral limb (gray dashed) and the surgical limb at 6 months (red) 

12 months (green) and 24 months (blue). Significant differences between surgical and 

contralateral limbs are marked with the horizontal bars (** p = .020). 

5.5 Discussion 

The most important finding of the study is that there were significant differences in CSA 

and normalized SI for both menisci of the surgical limb at all time points when compared 

to the contralateral limb. As hypothesized, the lateral meniscus has a larger CSA and 

higher normalized SI values in the surgical limb, which suggests that there may be 

swelling or remodeling of the tissue, specifically in the anterior and posterior regions 

post-surgery. The medial meniscus of the surgical limb has a larger CSA in the anterior 

region throughout time, but the posterior region was found to be smaller and had higher 

normalized SI than the contralateral limb at 24 months. Contrary to our hypothesis, the 
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CSA and normalized SI did not return to the contralateral limb’s values at 24 months and 

remained at levels similar to those observed at 6 and 12 months.  

 qMRI has been used to detect pathological abnormalities through the use of SI, as 

an increased SI value indicates the presence of injury or tissue degradation.89 Previous 

studies have shown the SI magnitude to be a direct representation of the severity of 

meniscal degeneration, where the mean SI of the medial meniscus was significantly 

higher in osteoarthritic knees compared to non-osteoarthritic knees.63,192,195 Comparison 

between meniscal changes and qMRI values has been found, such as lower T2 values 

being associated with complete meniscal healing.146,194 Whereas, an increase in relaxation 

times in multiple qMRI metric mapping techniques was found to be a measure of 

degeneration.122,123 The normalized SI values reported in this study indicate that the 

surgical limb menisci have undergone structural property changes after the ACL injury 

despite surgery. These results also show that subsequent changes to the tissue’s material 

property do not return to uninjured levels.  

 The lateral meniscus CSA was larger in the surgical limb compared to the 

contralateral limb in the anterior and posterior regions. A pre-operative MRI study of 

meniscus tears reported a correlation between ACL tears and lateral meniscus posterior 

tears.86,128 Ninety-five percent of the patients presenting with a lateral meniscus posterior 

tear had an ACL injury compared to 14% of patients presenting with a medial meniscus 

posterior tear.86,128 These values align with the cohort of patients included in this analysis, 

where 46% of patients presented with lateral posterior tears at the time of surgery 

compared to 22% of patients presenting with a medial meniscus posterior tear. The lateral 

meniscus plays a crucial role in restraining rotational translations.38 Disruption to the 
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normal geometry of the lateral meniscus can lead to increased contact forces between the 

articulating cartilage surfaces during daily activity.34 The observed increase in CSA in the 

anterior and posterior regions of the lateral meniscus may reflect alterations in meniscal 

morphology, such as swelling or tissue remodeling. Previous studies support the link 

between meniscal pathology changes following ACL injury, as injury to the posterior 

horn of the lateral meniscus has been associated with damage to the lateral tibial plateau 

and cartilage defects in the lateral femoral condyle.71 Our findings demonstrate persistent 

elevation in meniscal SI, which may reflect early alterations in the meniscal tissue that 

could potentially contribute to similar degenerative changes.  

 A primary function of the medial meniscus is to serve as a secondary stabilizer of 

anterior tibial translation of the knee.59 The demand of the medial meniscus in resisting 

anterior tibial loads is increased in the presence of an ACL injury in the absence of the 

ACL compared to an intact knee.4 The anterior region of the medial meniscus is crucial 

for stabilizing external knee rotation, while the posterior region provides stabilization by 

absorbing approximately 50% of the anterior tibial shear force during full extension.51,77 

Small changes in the geometry of the medial meniscus can disproportionately elevate 

stress onto the articular cartilage.40 Previous qMRI studies have shown that qMRI 

relaxometry values remains high in the articular cartilage of the central medial femoral 

condyle compared to the contralateral side three years after ACL surgery.7 Early 

degenerative changes in the medial articular cartilage have also been observed at 2 years 

after ACL reconstruction.176 Small changes in the CSA and the medial meniscus may 

concentrate stress onto regions of the articulating surfaces, in turn causing further 

degeneration of the meniscal tissue that would compound any damage sustained at the 
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time of ACL injury. This initial damage, followed by persistent changes in the structural 

properties and morphology of the menisci, could potentially accelerate the risk of PTOA, 

matching what is observed clinically.192,195 However, a direct cartilage evaluation would 

need to be included in future studies to make definite conclusions relating changes in 

meniscal CSA and SI to future PTOA.  

 As anticipated, a substantial proportion of patients presented with concurrent 

meniscal injuries either at the time of ACL surgery or post-operatively. Seventy-one 

percent of patients demonstrated meniscal injury, with the majority occurring in the 

lateral meniscus, particularly within the posterior region. Lateral meniscal injuries 

remained consistently high across all time points. There was a progressive increase in 

medial meniscus injuries, rising from 29% before 6 months to 31% at 12 months and 

37% at 24 months. Management of these injuries varied between 6 to 24months. Nearly 

half of patients with meniscal injury at the time of surgery underwent intervention at the 

time of surgery, most commonly meniscal repair, though partial meniscectomies and 

debridement were also performed. In contrast, some procedures were performed between 

6 and 12 months, with repairs again predominating. By 24 months, surgical treatment 

increased, with partial meniscectomy more frequently utilized than meniscal repair. 

These findings are consistent with prior reports of meniscus injuries in conjunction with 

ACL injury and suggest that treatment decisions may reflect the timing of the injury 

detection and the type of tear.44,126,128,149 

 This study has several limitations. An inclusion criterion for this analysis was that 

the patient must have had their surgical limb imaged at all time points and a contralateral 

limb imaged at one time point. It should be noted that 62% of patients included in this 
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analysis had their contralateral limb imaged at 6 months, with the remainder at 12 or 24 

months. An assumption was made that the contralateral limb would not change between 6 

and 24 months. Therefore, the surgical limb at each time point was compared to the 

patient’s contralateral limb imaged at the earliest time point available. The age of patients 

included in this analysis ranged from 13 to 25 years. Therefore, the findings reported may 

not be generalizable to an older or aging population. Future work should incorporate a 

wider age range to ensure that the findings are applicable to a broader population. There 

are also inherent limitations to the qMRI measurement techniques. The MR images were 

acquired using the CISS sequence, which is not a commonly used sequence in clinical 

practice. The CISS sequence was selected as it provides distinct boundaries between the 

ACL and menisci in high-resolution images. The addition of the CISS sequence to the 

routine MRI knee exam would increase scan time. Work is currently underway to adapt 

the findings from the CISS sequence to other MRI sequences. Finally, the analysis 

included a relatively small sample size (n=82). Patients from both surgical groups were 

pooled, which may have limited the ability to detect surgery-specific effects. 

Nonetheless, minor, non-significant differences were observed, with the ACL restoration 

group exhibiting lower average normalized SI and CSA compared with ACL 

reconstruction patients (data not shown). Future large-scale studies with both surgical 

types would be needed to further confirm the current findings and assess the utility of 

CSA and SI measurements of menisci in surgical knees in predicting OA.  

 This study offers new insight into the meniscal CSA and normalized SI profiles in 

the knees of patients who have undergone ACL surgery. Significant differences were 

found in the CSA and normalized SI of both the lateral and medial menisci, which 
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persisted from 6 to 24 months. The lateral meniscus was found to have the greatest 

differences in both the CSA and normalized SI between the surgical and contralateral 

limbs, specifically in the anterior and posterior regions. This study emphasizes the 

importance of accounting for anatomical location when evaluating meniscal morphology 

in surgical knees and the effects of ACL injuries on the surrounding tissues.   
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CHAPTER 6: Sequence-to-Sequence MR Image Synthesis using 3D-

CycleGAN 

 

Dominique Barnes  
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6.1 Abstract 

 This chapter explores a methodological framework for transforming MRI sequences to 

allow for direct implementation of qMRI into the clinical settings where various 

sequences are used for soft tissue analysis. The qMRI pipeline discussed in this 

dissertation has relied on the MRI scans that have been acquired using the Constructive 

Interference in Steady State (CISS) sequence. The advantages of this sequence are that it 

provides high-resolution visualization for the ACL tissue in contrast to the bony 

structures and other soft tissues surrounding the region of interest. This sequence has 

allowed for the advancements in automatic segmentation of the ACL, as well as the 

development of quantitative MRI analysis using the CSA and SI of the tissue to predict 

the failure load and predict patients at a higher risk of reinjury after ACL surgery. 

However, the Double Echo Steady State (DEES) MRI sequence allows for quantitative 

analysis of the cartilage and is commonly utilized in the clinic. While both sequences 

provide high-resolution visualization of the ACL for CISS and cartilage for DESS, their 

differing contrast mechanisms and signal characteristics limit direct comparability and 

translation of the current qMRI pipeline. To address this, we developed and evaluated a 

deep learning method that harmonizes CISS and DESS image domains. The proposed 

method leverages the CycleGAN model and architecture to attempt to transform the 

image domains while maintaining the distinct properties that make each sequence 

important for tissue analysis. However, the method proposed was not successful in 

transforming between MRI sequences, as the quantitative and qualitative metrics did not 

meet the threshold of good performance of the model. However, this work established 
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critical steps toward standardization of MRI sequence-to-sequence transformation to 

allow for multi-sequence qMRI workflows.  

6.2 Introduction  

ACL injuries are common in the young and active population.98 For active patients, the 

desire to regain function and return to sport is high, thus, surgical treatments such as ACL 

reconstruction are commonly performed.98 Lower postoperative patient-reported 

outcomes, clinical outcomes, and asymmetry in joint function have been used to track 

ACL reconstruction recovery and approximate reinjury risk.72,129,144,179 However, studies 

have shown that patient-reported outcome measurements introduce bias and 

inconsistency when compared to more objective methods, and none of these outcome 

measures directly assess the structural integrity of the healing ACL or ACL graft.24,179 To 

supplement existing patient-reported, clinical, and functional assessments, non-invasive 

quantitative imaging methods have been developed to evaluate graft maturity and to 

estimate the structural properties of the surgically treated ACL and other tissues in the 

knee using qMRI.8,80,81 

 Previous studies provide evidence that qMRI can detect soft tissue changes early 

in the degenerative process.8,16 Collagen organization and tensile strength have been 

correlated with tissue quality that can be measured with SI, as a lower signal is shown on 

MRI, indicating a darker appearance and a more organized and mature ligament.8,16,80,81 

The size of the ACL graft and median SI of the healing tissue when combined have been 

shown to correlate with functional outcomes such as the 1-legged hop test and 

postoperative patient-reported outcomes.14 
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 MR-based SI measurements are influenced by many factors such as image 

acquisition parameters, underlying hardware configurations, and the sequences used to 

acquire the images.49,78 The double-echo steady state (DESS) sequence is an accepted 

sequence to measure structural properties of cartilage, while qMRI sequences, such as 

T2*-weighted and T1-weighted are commonly used to measure the ACL structural 

properties.13,15,16,161 The constructive interference in steady state (CISS) sequence, which 

is a T2-weighted sequence, has also been shown to be associated with structural 

properties of the ACL.15,121 An advantage of the CISS sequence, as compared to other 

sequences such as DESS, is enhanced fluid-tissue contrast of the ACL within the joint, 

which aids post-processing (Figure 24A).47-49,81 Studies have determined that changes in 

qMRI parameters from CISS scans, such as SI and CSA of the ligament or graft, can be 

used to determine the biomechanical and histological integrity of healing structures.13,15,16 

However, DESS is advantageous when visualizing changes in cartilage structure, as the 

cartilage has a stark contrast compared to neighboring tissue and bone, as well as a 

relatively rapid acquisition time (Figure 24B). To pool MRI data collected across 

hospitals and clinical trials, there is a need to identify methods that enable transformation 

between commonly used MRI sequences, such as DESS, and more research-oriented 

sequences like CISS, to allow for consistent evaluation of qMRI variables such as SI and 

to reduce scan times. 
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Figure 24. A) Constructive Interference in Steady State (CISS) MRI slice of a knee. B) 

Double Echo Steady State (DESS) MRI slice of a knee. A signal intensity scale from low 

(0) to high (255) is included. 

 To enable consistent evaluation of qMRI SI across MRI sequences, deep learning 

image generation algorithms could be employed. The introduction of generative 

adversarial networks (GANs) has advanced the field of generative modeling and data 

synthesis with growing usage by the medical imaging field due to its ability to generate 

high quality images.167 The CycleGAN model developed by Zhu et al., allows for the 

generation of images without the necessity of paired images, which is advantageous in a 

medical setting where obtaining paired images for training can be difficult.197 There are 

additional advantages to using a CycleGAN, such as the ability to generate images from 

one source to the target and to reverse the process by generating images from the target to 

the source image.197  

 It is currently unknown how the predicted failure load can be evaluated from SI 

values from the more commonly used DESS sequence, as previous studies have only 

evaluated SI to predict failure load using the CISS sequence.14-16 If the DESS to CISS 

sequence transformation were possible, then only one sequence would be needed to 



 92 

evaluate ACL biomechanical integrity using qMRI. Therefore, the primary purpose of 

this aim was to determine if CycleGAN can generate MR images from the source domain 

of DESS to the target domain of CISS. CycleGAN will also allow us to secondarily 

evaluate how well the model can generate MR images from the source of CISS to the 

target domain of DESS. The two-way nature of CycleGAN is important because it allows 

for image translation by learning a reversible mapping between two source domains 

without the need for a direct corresponding image pair.197 The two-way nature is ideal in 

the clinical setting, where requiring multiple MR imaging sequences can be time-

consuming and increase the cost of care. It was hypothesized that CycleGAN would 

successfully generate images from the source domains to the target domains that are 

qualitatively and quantitatively similar to the ground truth, specifically when evaluating 

and comparing the average SI of the overall generated image.  
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6.3 Methods  

6.3.1 Data Source 

 

Figure 25. STROBE Diagram of patients included in the analysis. 

 

MR Images were acquired from patients who underwent ACL surgery and were included 

in one of two ACL clinical trials (Clinicaltrials.gov; NCT02292004; 

NCT0266545).50,119,120 All MR images were acquired on a 3T Trio (Siemens) with a 15-

channel transmit/receive knee coil (Siemens). There were 96 patients who underwent 

CISS imaging 2-years post-operation (FA = 35°; TR = 12.78ms; TE = 6.39ms; FOV = 

140mm; with voxel size 0.365mmx0.365mmx1.5mm) (Figure 25).50,119,120 DESS images 

were acquired from 68 patients who returned for their 6-year follow-up and underwent 

imaging (FA = 30°; TR = 16.1ms; TE = 5.4ms; slice thickness = 0.8mm; with voxel size 

0.300mmx0.300mmx0.800mm) (Figure 25). Only non-surgical limbs were included in 
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this dataset to ensure that no metallic artifacts would be present during training, to ensure 

that the model would not create metal artifact hallucinations in the generated images. The 

DESS data (n=68) were randomly divided into training (~80%; n = 56) and validation 

(~20%; n = 12) sets for the DESS to CISS transformation (Figure 25). The CISS data (n = 

96) were randomly divided into training (~80%; n = 76) and validation (~20%; n = 20) 

sets (Figure 25) for the CISS to DESS transformation.  

6.3.2 Data Preprocessing  

Standardization of MR image volume size was done by automatically cropping the 

original size of 512x512x100 (widthxheightxslice) to 256x256x20 with only the center of 

the imaging volume retained to ensure the images included the ACL. The raw signal 

intensities of the MR image volumes were standardized by normalizing the voxel SI 

values from [0,255] to [-1,1]. Ground truth images were considered the originally 

acquired CISS or DESS images, depending on the transformation direction, and the 

model evaluated its performance relative to these ground truth images.  

6.3.3 CycleGAN Model 

The model training was conducted using a Google Cloud AI Notebook with a NVIDIA 

T4 GPU (16 vCPUs, 104 GB RAM) with an average time of 6 hours to run the model 

through 100 epochs. The original CycleGAN model was used to generate 2D images, 

however, for the use of this application, the model was adapted to train and generate 3-

dimensional volumes.197 The model utilizes two independent generators and 

discriminators to learn and capture specific characteristics of one collection of images to 

map and translate those characteristics to another collection of images in the absence of 

paired training examples.41,197 The generator architecture was adapted from Johnson et 
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al., which contains two stride 3-dimensional convolutions, several residual blocks, and 

two half-stride 3-dimensional convolutions with instance normalization (Figure 

26).41,74,197 In this chapter, the generator that transformed the DESS images into CISS 

images is referred to as Generator C, while the generator that transformed the CISS 

images into DESS images is referred to as Generator D. The discriminator networks used 

a 70x70x20 PatchGAN to classify whether the region of the image patches is real or fake 

(Figure 26).197 All networks were trained with a learning rate of 0.0002 using the Adam 

solver with an Adam optimizer of 10.74,197  

 

 

Figure 26. 3-dimensional CycleGAN architecture of (1) Generator C going from input of 

DESS to output target image of CISS, and (2) Generator D going from input of CISS to 

output target image of DESS. Both generators feed into a discriminator to distinguish 

between the true and fake image patches 

6.3.4 CycleGAN Performance  

The quality of the generated images was compared to the original ground truth images 

with several metrics. Mean Absolute Error (MAE) was used to measure the average 

voxel-wise difference between the generated image and ground truth image, with the 

values bounded by the distribution of the voxel values, -1 and 1, where a MAE value near 
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1 would indicate a large average difference between the two images’ voxel values.39 For 

the task of image translation, a good MAE value would be considered 0.15 or below. 

 A reported 84% of studies within the medical domain conducting image-to-image 

translation with GANs or convolutional neural networks have used the Structural 

Similarity Index (SSIM) for validating synthetic images, while 61% of studies have used 

Peak Signal-to-Noise Ratio (PSNR).39,109 Therefore, these parameters served as 

secondary outcomes. Structural information of the generated image was measured using 

the SSIM quantified by a decimal number between boundaries of -1 and 1, where 1 

would indicate perfect structural similarity, a value near zero would suggest no similarity, 

and a negative value would indicate inverse correlation of the structural similarity.39 For 

this application of CycleGAN, a value of 0.8 or greater would be considered fair with 

regard of maintaining structural similarity. To measure the quality of the generated image 

on a voxel-level, PSNR was measured by quantifying how much of the signal from the 

original image was maintained in the generated image compared to the relative corrupting 

noise introduced during the generating process, with a lower PSNR value indicating more 

relative noise than true signal intensities.39 Extremely poor PSNR results would be 

identified as values below 15dB, often implying that the generated image is heavily 

corrupted by noise.31,39 There are no upward bounds to the measurement of PSNR, 

however, previous studies have shown that an image in which noise has no significant 

impact would result in a PSNR equivalent or greater than 40dB.21,82,90  
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6.4 Results  

 

Figure 27. Comparison of Generator C and Generator D based on the following metrics: 

Mean Absolute Error (MAE), Structural Similarity Index (SSIM), and Peak Signal-to-

Noise Ratio (PSNR) 

 

Generator C (DESS to CISS) 

The 3D CycleGAN Generator C demonstrated poor qualitative performance in generating 

CISS images from DESS inputs. The output image shown in Figure 28 demonstrates how 

the generator qualitatively progressed over the given epoch, ranging from 0 to 100. The 

images showed improvement from the first epoch, however, there is visible noise from 

the model when attempting to incorporate the granularity found in CISS images, 

specifically for the structure of the bone. The DESS MR images also have increased SI 

around the articular cartilage, whereas the CISS MR images do not. However, in the 

generated CISS images, the articular cartilage maintains a high signal that is not adjusted 

for during the image generation process, which may affect the quantitative results when 

compared to the ground truth of CISS.  
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Figure 28. Qualitative performance of Generator C as the source image (upper left) is the 

DESS image and the target image (upper right) is CISS and the Generator C output 

images from the first epoch (left) to the last epoch (right) 

 For Generator C, the MAE was 0.46±0.026 (Figure 27), which is a relatively large 

error, as an error value three times larger than 0.15 would not be considered an 

acceptable value.39 This value indicates that there was a large discrepancy with Generator 

C, as it had difficulties mapping the correct voxel values from the source DESS images to 

the target CISS image. The SSIM was calculated at 0.05±0.006, which is very low 

considering that 0.8 or greater would indicate good structural similarity (Figure 27).39 

The SSIM value of Generator C demonstrates that the generated CISS image bears 

almost no structural resemblance to the actual ground truth CISS image.39 This is further 

verified by the PSNR, which was measured at 10.31±0.512dB, a value far below the 

threshold of 40dB to be considered a good PSNR (Figure 27).31,39  

Generator D (CISS to DESS) 

Generator D of the 3D CycleGAN demonstrated better performance in generating DESS 

images from CISS inputs. An output image was shown to demonstrate how the generator 
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qualitatively progressed over the given epochs, ranging from 0 to 100 (Figure 29). 

Qualitatively, it appears that fewer adjustments were needed from epoch 50 to epoch 100 

to achieve an image that closely resembles the targeted output of a DESS MR image.  

 

 

Figure 29. Qualitative performance of Generator D as the source image (upper left) is the 

CISS image, and the target image (upper right) is DESS, and the Generator D output 

images from the first epoch (left) to the last epoch (right). 

The MAE of Generator D was measured at 0.16±0.016, which represents a 

relatively low error when compared to that of Generator C, a value that is considered 

good given that the target error value is 0.15 or below (Figure 27). This result indicates 

that the generated DESS image voxel intensities were similar to the true DESS image 

intensities across the image. The SSIM was calculated at 0.38±0.039, while not 

considered a high value (>0.8), it indicates that the generated image retained a moderate 

level of the underlying anatomical structure, but with some noise (Figure 27).39 The 

PSNR was 18.39±0.725dB (Figure 27), which indicates that the signal is slightly stronger 

than the random noise generated, as the value is not near the accepted threshold of 40dB 

and near the value of 15dB, which would be considered poor performance.31,39  
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6.5 Discussion 

The purpose of this study was to evaluate whether a 3D CycleGAN could successfully 

generate MR images from two different MR image sequence inputs to enable consistent 

evaluation of qMRI SI value across sequences. Contrary to our primary hypothesis, 

CycleGAN did not successfully generate MR images that could be utilized in a qMRI 

analysis due to high corruption of noise created during the image generation process. The 

MAE value was three times higher than the acceptable threshold, while the SSIM and 

PSNR were both considerably low for Generator C, which indicates that the model was 

unable to accurately generate image voxel intensities or preserve structural information of 

the target domain of CISS images. In contrast, the reverse translation of Generator D 

demonstrated somewhat improved performance, with an error value of 0.16, which is just 

above the acceptable threshold of 0.15. However, the SSIM and PSNR values did not 

meet the target of good performance for image generation. The outcome metrics suggest 

that the model could more effectively generate an image with the DESS signal 

distribution than the CISS sequence. However, the improvement is not enough to be of 

value for a qMRI analysis. These findings highlight the challenges of domain adaptation 

between MRI sequences with substantially different signal compositions and underscore 

the need for improved data harmonization techniques to improve translation quality.  

 The poor performance of Generator C may be attributed to the intrinsic signal 

properties and acquisition design of the CISS sequence. The CISS images had higher 

spatial definition and emphasized fluid-tissue interfaces, which defined more precise 

boundaries between joint structures. These characteristics made voxel-level mapping 

from DESS input challenging, as DESS images provided smooth signal transitions 
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between voxels. CycleGAN likely struggled to capture the signal variations of CISS 

imaging using the lower granularity features present in DESS input data. Although 

Generator D had improved performance, the MAE, SSIM, and PSNR were not acceptable 

when compared to values considered acceptable in the literature.39,148,167,188 The outcome 

metrics indicate that the images generated by Generator D were not comparable to the 

target image, as noise still corrupted the image, where the structural similarities between 

the generated image and target image were low.  

 Previous studies using GAN networks for MRI transformation have reported 

variable success.148,167,188 Applications involving translation between T1 and T2 weight 

sequences, or other sequences with comparable signal distribution, have demonstrated 

high structural similarity.188 However, no studies have evaluated the transformation 

between the DESS and CISS sequences, which differ in their sensitivity to fluid-tissue 

interfaces. In contrast to models trained on large, paired datasets, our unpaired 

CycleGAN approach relied solely on intensity, which may not fully capture the 

complexities of CISS images, such as the signal distribution and tissue-specific 

contrasts.31,188 By demonstrating the limitations of CycleGAN image synthesis, this study 

extends the knowledge and application of GAN-based medical imaging translation.  

 There are several limitations for the present study. The dataset for each domain 

was relatively small (n=68 DESS; n = 96 CISS), which likely restricted the model’s 

ability to learn the complex mapping between the CISS and DESS domains. A larger, 

more diverse dataset could improve generalizability. There are also inherent differences 

between the acquisition parameters of the MR sequences. The voxel size for the DESS 

images was 0.3mm x 0.3mm x 0.8mm, while for the CISS image, the voxel size was 
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0.4mm x 0.4mm x 1.5mm. The preprocessing steps, which included cropping and voxel 

normalization, were steps used to minimize the effects of the different acquisition 

parameters of the MR sequences. Nonetheless, these differences may have introduced 

additional difficulties in mapping voxels between the two sequences. The use of 

convolutional layers also caused the output images to appear grid-like, which could have 

further caused the quantitative metrics to fall below the acceptable thresholds. In order to 

address this issue, another model was tested with the convolutional layers removed and 

replaced with upsampling layers. However, with the removal of the convolutional layers, 

the processing time increased exponentially. The run time with convolutional layers was 

approximately 30 minutes per epoch, while with the convolutional layers replaced with 

upsampling layers, the run time was approximately 3 hours per epoch. The instability of 

the model also further increased as the model could not converge effectively, which 

resulted in long run times and increasingly noisy images.  

 Future studies should ensure MR acquisition parameters are controlled to 

minimize variability and explore more advanced generative architectures, such as latent 

diffusion models.83,116,138 Latent diffusion models operate within a compressed latent 

space and learn to remove noise and implement the structure and quantitative features of 

the target sequence.79,83,138 The diffusion model begins by training and learning how to 

remove noise and reconstruct the target image.83 Once the model is trained to reconstruct 

the target image, it iteratively removes noise from the source image and reconstructs it to 

the target, generating a new image using the noise-reducing capabilities learned during 

the training process.83 Latent diffusion models have demonstrated a superior capability in 

preserving fine structural detail and capturing complex signal distributions in medical 
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imaging applications, which may improve the interpretability of the generated MR 

images.37,73,116  

 Although CycleGAN failed in generating CISS-equivalent images, the findings 

provided valuable insight into the challenges of cross-sequence translation for qMRI. The 

unbalanced performance between the two generators highlights the influence of 

sequence-specific signal properties on model learning and the need for advanced models 

to capture the complexity of MR images. These results establish an important foundation 

for future work incorporating larger datasets and advanced generative approaches, such 

as latent diffusion models. While the CycleGAN model evaluated in this study failed to 

produce accurate transformations, the development of reliable advanced deep-learning 

methods could potentially enhance the reproducibility of quantitative imaging studies and 

enable more consistent evaluation of ACL tissue properties across diverse acquisition 

protocols.  
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CHAPTER 7: Discussion 

  



 105 

The primary objective of this dissertation was to advance qMRI as a robust, noninvasive 

tool for assessing the structural and functional integrity of the healing knee joint tissues, 

specifically the ACL and menisci, following ACL surgery. By shifting from qualitative 

image interpretation to precise quantitative mapping, this work establishes critical 

foundational steps toward the use of qMRI-derived metrics as predictive biomarkers in 

clinical practice.  

 A pipeline has been previously established to automatically segment the ACL and 

derive quantitative properties from the MRI, such as CSA and SI.47,48 However, the long-

term objective of this work was to advance the current pipeline to facilitate the clinical 

translation of qMRI, enabling clinicians to individualize rehabilitation protocols, refine 

return-to-sport decision making, and ultimately reduce the risk of reinjury and early-onset 

PTOA. Each chapter addressed a specific aim designed to systematically overcome 

existing barriers to clinical implementation and to strengthen the scientific and technical 

framework necessary for qMRI to serve as a reliable clinical tool.  

 The first and most foundational objective (Specific Aim 1) focused on validating 

qMRI biomarkers to determine their potential to identify patients at elevated risk of 

reinjury.8 Establishing predictive validity is essential for any biomarker intended for 

clinical decision making. However, translation into clinical workflows introduces 

technical and methodological challenges that must also be addressed to ensure accuracy, 

reproducibility, and accessibility. Accordingly, Specific Aim 2 targeted one such critical 

barrier, the presence of imaging artifacts that may compromise accurate ACL SI 

measurements.9 By developing and refining methods to reduce or eliminate these 
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artifacts, the reliability of qMRI-derived metrics has been improved, strengthening the 

potential of the method for clinical application.  

 qMRI has been applied to evaluate ACL graft and tissue integrity following 

surgery, as demonstrated in Aim 1. However, its application to the menisci has been 

limited. Given the integral role of the menisci in knee joint biomechanics, extending 

qMRI analyses to these tissues was essential for the advancement of the 

pipeline.4,34,38,52,182,183 Specific Aim 3 translated and adapted qMRI biomarkers to 

robustly characterize meniscal tissue changes following ACL injury and surgery.10,11 This 

expansion enhances understanding of the joint-wide tissue adaptations and advances 

qMRI toward a comprehensive assessment tool capable of evaluating multiple tissue 

structures affected by ACL injury and subsequent surgery. Additionally, an important 

consideration when developing clinically translatable qMRI is determining which MRI 

sequences these tools will be compatible with. While the CISS sequence enabled the 

advancements presented in this dissertation for both ACL and meniscal evaluation, 

broader clinical adoption would require advancing qMRI across various imaging 

sequences. The potential of using alternative sequences, such as DESS, would 

substantially increase the clinical applicability of the methodologies developed in this 

work (Aim 4).  

 Chapter 1 provided the scientific background and significance of this research, 

outlining the theoretical framework, purpose, and hypotheses associated with each 

specific aim. Collectively, the work presented in this dissertation advances qMRI from a 

research-based imaging approach toward a clinically useful, multi-tissue assessment with 

the potential to improve patient-specific care following ACL surgery.35  
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7.1 Specific Aim 1 

Identify qMRI variables that predict patients at a higher risk of re-tearing their ACL after 

ACL Restoration surgery.  

The goal of this study (Chapter 2) was to determine whether early qMRI variables 

obtained 6 to 9 months following ACL restoration surgery were associated with the risk 

of revision surgery within two years.8 Using prospectively collected data from the BEAR 

clinical trials,118-120 we evaluated whether the structural and compositional imaging 

variables of CSA, SI, and qMRI-predicted failure load demonstrated predictive ability for 

reinjury risk beyond clinical and functional outcome measures assessed at the same 

postoperative timepoint.  

 We hypothesized that qMRI variables obtained at 6 to 9 months postoperatively 

would be significantly associated with the odds ratio of revision ACL surgery within two 

years. Additionally, we hypothesized that these imaging-based biomarkers would 

demonstrate stronger predictive ability than commonly used clinical and functional 

assessments performed during return-to-sport evaluation.  

 The 6 to 9 month follow-up period represents a clinically meaningful time point 

as it coincides with the stage at which patients are typically evaluated for return to sport 

participation.8 Decisions at this stage are mainly based on functional testing, strength 

assessments, and patient-reported outcomes, yet there is an absence of objective 

noninvasive measures of ligament structural integrity.8 Therefore, identifying imaging 

biomarkers capable of predicting reinjury risk at this time has direct translational 
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relevance, as it may inform clinical decision-making regarding safe return to sport during 

a critical phase of rehabilitation.  

We found that early qMRI variables were significantly associated with the risk of 

revision ACL surgery within two years.8 Specifically, measures reflecting ligament size 

and tissue composition demonstrated predictive ability for reinjury risk, whereas 

traditional clinical and functional outcome measures showed limited association. 

Furthermore, when structural (CSA) and compositional (SI) variables were combined to 

derive a qMRI-predicted failure load, the predictive performance improved relative to 

individual parameters alone.  

 The association between CSA and revision risk likely reflects the importance of 

tissue remodeling during the healing process. A larger CSA may indicate more robust 

tissue incorporation and structural adaptation to mechanical loading.13,16,80,121 Similarly, 

SI serves as a marker of tissue composition and organization, as variations in SI reflect 

differences in water content, collagen organization, and remodeling.63,80,121 Lower SI 

values correspond to a more organized collagen structure, whereas persistently elevated 

SI may indicate incomplete remodeling.14,63,80,121 At the 6 to 9 month return-to-sport 

timepoint, a low SI value may indicate readiness based on qMRI-predicted failure load. 

However, if driven by metallic artifacts, this could lead to a premature return to sport and 

increased risk of reinjury.8,16 The derived qMRI-predicted failure load integrates both the 

structural size and compositional characteristics, providing a biomechanically meaningful 

estimate of ligament strength.  

 Specific Aim 1 presents work that extends beyond the current body of research 

that has demonstrated relationships between MRI-derived variables and structural 
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properties of the healing ligament by translating these findings to a clinical population 

and demonstrating that noninvasive qMRI metrics can predict revision surgery.13-16 

Therefore, the early qMRI metrics obtained at the time of return-to-sport evaluation were 

associated with the risk of revision ACL surgery within two years following ACL 

restoration.  

Structural and compositional imaging parameters, particularly when combined 

into the qMRI-predicted failure load, demonstrated greater predictive utility than 

traditional clinical assessments alone. These findings provided an essential step toward 

establishing qMRI as a noninvasive assessment tool of ligament integrity. However, a 

limitation of the use of SI as a predictive tool is the possibility of metallic artifacts 

affecting the measurement of the SI value of the ACL. As mentioned previously, a higher 

SI corresponds to differences in collagen organization, even indicating incomplete 

remodeling of the tissue, while a lower SI corresponds to a more organized collagen 

structure of the tissue. If the tissue is measured at a lower value due to the artifacts found 

in the MR image, the predictive ability of the qMRI-predicted failure load would not 

accurately represent the patient’s tissue. Therefore, in Specific Aim 2 (Chapter 3), 

metallic artifacts were detected, isolated, and removed automatically to ensure the 

accuracy of the SI measurement of the ACL.  

7.2 Specific Aim 2 

Advancement of an automatic segmentation pipeline for metallic artifact removal in post-

surgical ACL MRI 
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The objective of this work (Chapter 3) was to advance the accuracy of an automated 

segmentation pipeline for identifying ACL tissue in postoperative MR images while 

minimizing the influence of metallic artifacts.9 Postoperative MR image evaluation of the 

ACL can be distorted by metallic artifacts resulting from micro-debris from the tools 

used to drill osseous tunnels for surgical fixation of the ACL or graft.9,65 These artifacts 

can obscure tissue boundaries, distort signal characteristics of the ACL, and introduce 

variability in both manual and automatic segmentation.47-49 Accurate segmentation of the 

ACL is critical for the measurement of qMRI predicted failure load. Therefore, 

improving segmentation accuracy, specifically in artifact-prone regions, is an important 

step toward the broader implementation of qMRI-metrics being used in clinical settings. 

We hypothesized that the signal intensity obtained from the automatic segmentation 

pipeline with artifact removed would not be significantly different from the ground truth 

(manual segmentation) and statistically equivalent within a 5% margin of error. 

 The work presented in Chapter 3 demonstrates how K-means clustering can refine 

an automatic segmentation algorithm to remove the lost signal intensity values induced 

by the metallic artifacts in the image so that the SI data are not skewed. MRI data were 

obtained from 82 patients enrolled in three prospective BEAR clinical trials of ACL 

surgery.118,119 The results demonstrate that the Dice coefficient, precision, and sensitivity 

were comparable to the ground truth, which was the manual segmentation of the ACL 

and artifact for this work. The artifact-removing approach allowed for more reliable 

identification of the ACL boundaries despite the presence of metallic distortion along the 

tissue. The automatic capability of this segmentation pipeline to identify and remove 

artifacts also allowed for the segmentations of ACLs with artifacts to be reduced from 
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about an hour of manual segmentation of the ligament to about 30 seconds. The time-

saving aspect also contributes to the adaptation of qMRI-metrics in clinical settings.  

 Previous studies have explored the use of machine learning and deep learning 

approaches to address metal artifact reduction in postoperative MRI.1,45,94 These methods 

often employ neural network architectures that must be trained on large image datasets to 

learn the complex signal distortions caused by metallic implants or other artifacts 

observed in MRIs. These approaches typically require thousands of labeled training 

images or paired datasets consisting of artifact MRIs and artifact-free MRIs. The 

development of such datasets can be challenging, particularly in orthopaedic applications, 

where the ground-truth of artifact-free images is not available. By leveraging the distinct 

signal properties associated with metallic artifacts, this method was able to reduce the 

variability of SI due to artifacts without the need for extensive training datasets or 

computationally intensive models. As a result, the proposed pipeline provides a solution 

that can be easily applied to the current automatic segmentation method without requiring 

retraining.  

 The automated segmentation pipeline developed in this study improved the 

accuracy and robustness of ACL tissue identification, and accurate measurements of ACL 

SI in postoperative MR images affected by metallic artifacts. Improving the reliability of 

qMRI-metrics, such as SI, further strengthens the foundation necessary for clinical 

implementation of qMRI-based biomarkers. Altogether with the qMRI-predicted failure 

load ability to identify patients at a higher risk of reinjury described in Aim 1, these 

findings continue to advance the overall goal of this dissertation to establish qMRI as a 

clinically accessible tool for analyzing ligament healing and predicting reinjury risk 
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following ACL surgery. However, ACL injuries rarely occur in isolation. Meniscal 

injuries are frequently present at the same time of ACL rupture and play an important 

role in long-term knee health.59,114 Evaluating meniscal morphology during postoperative 

recovery may provide additional insight into joint health beyond the status of the ACL 

alone, which is further explored in Specific Aim 3.  

7.3 Specific Aim 3 

Evaluate the influence of ACL surgery on the morphological integrity of the meniscus as 

measured by qMRI. 

Specific Aim 3 was addressed in Chapters 4 and 5. The objectives of these studies were 

evaluated in two sub-aims: 1) to identify significant CSA and SI differences of the 

menisci due to sex and anatomical variations; and 2) to evaluate the influence of ACL 

surgery on the morphological integrity of the menisci using qMRI. Understanding how 

the menisci’s structure and composition change following ACL surgery may provide 

important insight into the long-term health of the knee joint. To assess meniscal integrity 

post-surgery, qMRI variables, specifically CSA and SI, were analyzed as these measures 

have shown predictive value in assessing the structural and compositional integrity of 

healing ligaments, as demonstrated in Chapter 2.8  

 To better establish a reference for interpreting postoperative changes in meniscal 

morphology, an initial analysis was performed to characterize baseline CSA and SI 

values in intact menisci and to evaluate potential anatomical differences between sexes 

using our qMRI approach (Chapter 4).11,104,182,192 CSA and SI profiles of the contralateral 

intact limb were compared between male and female subjects of the BEAR clinical trials. 
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We hypothesized that the CSA of the menisci in males would be significantly larger than 

in females, even when normalized for knee size, reflecting known sex-related differences 

in joint morphology.11 However, we expected SI profiles to be similar between sexes, as 

intact menisci exhibited comparable tissue composition,11,52,195 which was found to be 

true in our study. However, once the CSA was normalized by knee size, only the anterior 

region of the medial meniscus was found to be smaller in females than in males. Previous 

studies have shown that geometric changes of the medial meniscus had an effect on the 

contact variables of the lateral meniscus.40 The study showed that increasing the cross-

sectional height of the medial meniscus by 1 standard deviation decreased the maximum 

pressure by 32% and mean pressure by 24%.40 Therefore, although the significant change 

in CSA between the sexes was only found in the medial meniscus, studies have shown 

that this change could have significant impact on the surrounding tissues.4,59,86,183  

 Following the baseline characterization between the sexes (Chapter 4), the CSA 

and SI profiles of the menisci were compared between each patient’s surgical and 

contralateral limb across the 6-, 12-, and 24-month postoperative timepoints (Chapter 

5).10 This longitudinal comparison allowed for the ability to identify potential 

morphological changes in the menisci following ACL surgery. We hypothesized that the 

CSA and SI of both the medial and lateral menisci in the surgical knees would be higher 

than those of the contralateral knees, potentially reflecting morphological changes 

associated with structural and compositional changes of the tissue following ACL injury 

and subsequent surgery. Additionally, we hypothesized that the CSA and SI values 

measured at 24-months would be closer to the values of the contralateral limb menisci, 

which may indicate that the morphological and compositional differences due to surgery 
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had returned to those of the patient’s contralateral knee, which were considered to be 

baseline.  

 The results of this work demonstrated that qMRI-derived measurements of 

meniscal CSA and SI provide valuable insight into meniscal morphology following ACL 

surgery. The characterization of male and female differences allowed for an accurate 

interpretation of postoperative changes, particularly when considering the CSA changes 

of the menisci after ACL surgery. The differences observed between surgical and 

contralateral knees suggest that ACL injury and surgery influence the structural and 

compositional characteristics. The CSA changes suggest that there is swelling of the 

menisci during postoperative recovery over the 24-month healing period. These findings 

also highlight the importance of evaluating specific regions of the menisci. Current 

methods typically rely on averaging values across the entire meniscus, which may 

obscure meaningful changes in localized areas.52,192 Evaluating discrete locations along 

the meniscal arc length is particularly important because characterizing meniscal 

morphology and compositional changes through qMRI may provide additional markers 

of joint adaptation processes that are not captured through ACL-focused assessments 

alone.  

 This work not only expands the application of qMRI beyond ligament evaluation 

but has presented a novel method on evaluating regional meniscal changes of CSA and SI 

across patient-specific groups longitudinally. Previous studies evaluating postoperative 

meniscal health using MRI have relied on dividing the meniscus into three broad 

anatomical regions and averaging across these regions, as well as evaluating SI on a 

single representative MRI slice.86,114,192 While these approaches have provided important 
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insights into meniscal tissue changes, they do not fully capture the spatial changes of 

meniscal morphology. This study demonstrates how the broader joint environment 

responds to ACL injury, further demonstrating that ACL injury is a whole-joint injury.  

The meniscal qMRI-derived metrics may be valuable for identifying patients at 

risk for reinjury or future joint degeneration, which would be beneficial for guiding 

patient-specific rehabilitation strategies aimed at protecting meniscal health. For 

example, if a patient presents at 6-months post-surgery with a smaller anterior medial 

CSA and elevated SI in both the medial and lateral menisci relative to their contralateral, 

these findings would indicate present and possibly persistent structural and compositional 

abnormalities. This finding might suggest delaying return to sport and modifying 

rehabilitation to reduce the risk of reinjury and progression of early onset PTOA. 

Together with the findings from Aims 1 and 2, this work further supports and advances 

the potential of qMRI as a comprehensive and noninvasive tool for evaluating knee joint 

health and improving clinical decision-making following ACL surgery. The final aim of 

this dissertation focused on optimizing a deep learning algorithm capable of transforming 

MR images across sequences to improve the accessibility of imaging data used for qMRI 

analysis. 

7.4 Specific Aim 4 

Optimize a deep learning algorithm to transform MR images across sequences.  

Specific Aim 4 was addressed in Chapter 6. Chapters 2 through 5 highlighted the value of 

qMRI-derived metrics for characterizing the healing and morphological changes of 

tissues in the knee following ACL surgery. However, the analyses presented in these 
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chapters relied exclusively on images acquired using the CISS sequence on a Siemens 3T 

MRI system. While the CISS sequence provides high spatial resolution and excellent 

contrast for visualizing fine anatomical structures such as ligaments and menisci, it is not 

as commonly acquired in routine clinical musculoskeletal imaging protocols. The DESS 

sequence is more widely used in clinical studies and practice as it enhances contrast to 

the articular cartilage structure and composition. As a result, the qMRI-based predictive 

models developed in this dissertation have not been evaluated using MRI sequences that 

are more routinely obtained in clinical settings. Therefore, the objective of this aim was 

to investigate whether a deep learning image transformation framework could translate 

images acquired with the DESS sequence into the CISS domain. We began by trying 

various methods that may have achieved this task, such as ratio mean intensities, 

histogram matching, and adjusting the current CycleGAN method proposed. These 

methods are further explored in Appendix B. However, none of these methods proved to 

be as successful as the CycleGAN presented in Chapter 6. Therefore, we hypothesized 

that a CycleGAN architecture would be able to learn the mapping between the source 

domain (DESS) and the target domain (CISS), allowing synthetic CISS-like images to be 

generated from DESS inputs. We determined that CycleGAN was not an effective 

approach.  

 Generative adversarial networks such as CycleGAN have been previously 

explored in medical imaging tasks for image synthesis and domain translation.116,188 

These models are typically selected because of their ability to allow image-to-image 

translation without requiring perfectly paired training data.31,188,197 However, the 

CycleGAN architecture implemented in this study did not reliably generate CISS-like 
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images from DESS inputs that preserved the structure necessary for the quantitative 

analysis. These findings highlight an important challenge associated with cross-sequence 

MRI translation. The technical and hardware differences add more complexities and 

variabilities when attempting to find mapping patterns between the sequences to allow for 

an accurate transformation. CISS imaging emphasizes a high signal-to-noise ratio and 

strong contrast between fluid and surrounding soft tissues, making it well-suited for 

visualizing complex anatomical boundaries.18,43,58,95 In contrast, DESS images provide SI 

mapping across the cartilage that is particularly valuable for evaluating morphological 

changes that can be related to OA.42,43,84,158,170 Previous work has shown that signal-to-

noise ratio is significantly lower in DESS images than in CISS images, as well as the 

contrast-to-noise ratio, which resulted in CISS images having better performance in 

identifying anatomically complex microstructures.43 Because these sequences capture 

different aspects of tissue signal behavior, accurately transforming one sequence into 

another while preserving the quantitative information will require more sophisticated 

modeling approaches than those offered by traditional GAN-based architectures.  

 The CycleGAN approach did not achieve the desired transformation performance 

in this study, as the generated images failed to meet the quantitative thresholds for 

similarity to the ground truth. This failure was largely driven by image noise, which 

reduced both the quantitative and qualitative agreement with the ground truth. 

Nonetheless, the process of implementing and evaluating this model provided important 

insight into the challenges of cross-sequence MRI translation. In particular, this study 

highlighted the sensitivity of quantitative imaging analyses to the differences in signal 

characteristics and spatial detail of various MRI sequences. These observations show that 
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visual similarity alone is not sufficient when synthetic images are intended for 

quantitative measurements, as even minor changes in tissue signal may influence the 

qMRI biomarkers.  

 This aim explored the ability of using deep learning-based image translation to 

bridge the differences between various MRI imaging protocols used in research and those 

used in the clinic. While CycleGAN did not produce the desired CISS-like images, the 

findings provide valuable insight and highlight important considerations for future model 

development. Particularly, this work highlighted the challenges associated with 

translating between MRI sequences with fundamentally different signal characteristics, 

the impact of noise on generative model performance, and the need for alternative 

architectures that better preserve quantitative and structural features crucial for qMRI 

analyses. Continued advances in deep learning may ultimately enable more flexible use 

of qMRI across diverse imaging protocols, further supporting the goal of this dissertation 

to expand the accessibility and clinical use of qMRI for evaluating knee joint health 

following ACL injury. In the meantime, the qMRI pipeline for these applications requires 

the CISS sequence to be used.49  

7.5 Future Directions  

Collectively, the studies presented in this dissertation provide important steps toward 

advancing qMRI as a clinical tool for evaluating ligament healing. However, several 

opportunities remain for future investigation. Future research should focus on validating 

the predictive findings of qMRI in larger, multi-center cohort studies. Longitudinal 

modeling of healing trajectories may further improve predictive accuracy. Additionally, 

integration of these qMRI biomarkers with biomechanical outcomes, functional tests, and 
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potentially the use of machine learning-based predictive modeling could advance 

clinically deployable decision-making tools.  

 Performance evaluation of the automated segmentation pipeline across imaging 

datasets acquired from multiple institutions, scanners, and imaging protocols should also 

be considered for future work. Metallic artifact characteristics can vary depending on 

size, metallic composition of the artifacts, MRI acquisitions parameters, and scanner 

manufacturer. Validating the pipeline in diverse clinical environments will be essential to 

ensure the generalizability of the artifact removal feature of the automatic segmentation 

tool. Similarly, future work should be directed at improving sequence-to-sequence 

transformations. MR acquisition is dependent on scanners and sequence selection,49 

therefore, sequence would also ensure qMRI pipeline accessibility in the clinical setting. 

While the CycleGAN approach was not successful, other machine learning algorithms, 

such as latent diffusion modeling, may be successful.73,83,116,138 As discussed in Chapter 

6, more advanced deep learning models need to be evaluated for transforming MRI 

sequences for ACL qMRI assessments. These future research directions could further 

refine the pipeline and framework developed in this dissertation and expand the 

application of qMRI toward a comprehensive tool for knee joint health assessment. 

7.6 Conclusion  

ACL injuries remain a significant challenge in orthopaedic medicine due to the high risk 

of reinjury and the long-term consequences for joint health following surgical restoration. 

Current clinical assessments used to guide rehabilitation and return-to-sport decisions 

rely primarily on functional performance measures and patient-reported outcomes, which 

do not directly evaluate the structural integrity of the healing tissues. The goal of this 
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dissertation was to advance the use of qMRI as a noninvasive and clinically accessible 

tool for assessing ligament healing and overall knee joint health following ACL surgery. 

This work has shown that early qMRI measures of ligament morphology and composition 

were predictive of identifying patients at increased risk of reinjury. Advances were also 

developed to enhance the reliability of qMRI analysis through an automated 

segmentation pipeline capable of reducing metallic artifact influence and a deep learning 

framework designed to transform images across MRI sequences. The automated 

segmentation pipeline was also expanded by characterizing longitudinal morphological 

changes in the menisci following ACL surgery. Collectively, these findings contribute to 

the growing body of research supporting qMRI as a tool for evaluating tissue integrity 

and provide foundational steps toward integrating qMRI biomarkers into clinical 

decision-making to improve patient outcomes following ACL injury and surgery.   
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Introduction: The meniscus’ primary function is to distribute load, a function dependent 

on its shape and size.182 Meniscal injuries often occur concurrently with ACL injuries to 

increase the risk of early-onset OA.139 These injuries can compromise the morphological 

structure of the meniscus, which may impair its ability to distribute axial tibiofemoral 

forces, a key function in stabilizing the joint during articulation.97 Therefore, this study 

aimed to compare the CSA profiles of medial and lateral menisci between male and 

female subjects using SPM.134 Furthermore, we investigate whether differences in CSA 

correspond to variations in contact areas and pressures experienced during static loading. 

We hypothesized that the female medial and lateral menisci CSA profiles, even when 

normalized by knee size, are smaller than male profiles following ACL surgery.  

Methods: Data were collected from 105 subjects (70 females and 35 males, median age 

17.6) who underwent unilateral ACL surgery and MRI at six months post-surgery. The 

medial and lateral menisci of the surgical knee were automatically segmented from CISS 

image stack using a custom software (Figure A. 1).103 Cross-sectional profiles that 

describe the changes throughout the menisci were generated by rotating an intersecting 

plane around the meniscus (Figure A. 2). Sixty CSA measurements, equally spaced about 

the rotational axis, were made ranging from the anterior root (0%) to the posterior root 

(100%) (Figure A. 3). Each CSA values were normalized to the mediolateral bicondylar 

width of the knee to account for differences due to knee size. SPM was used to conduct 

two-tailed t-tests at each of the sixty positions to compare the CSA profile differences 

between sexes. A finite element model (FEM) was developed in FEBio using the 

automatically segmented geometry from an MRI of a randomly selected female subject 

included in our cohort (Figure A. 4).99 The model consisted of the femur and tibia 
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represented as rigid bodies, with the tibia fixed in 6 degrees of freedom and the femur 

fixed in 5 degrees of freedom, with axial displacement (z-axis) not fixed. No ligaments 

were included in the model. The menisci and articular cartilages were modeled as a 

hyperelastic material. The femoral cartilage was rigidly fixed to the femur, and the tibial 

cartilages and menisci were fixed to the tibia. Sliding contacts were applied between the 

articular cartilages and the menisci. Axial displacement in the z-axis was placed to the 

femur in full extension to identify the peak contact areas between the femur and menisci, 

specifically the medial meniscus.  

Results: No significant differences were found between the normalized lateral meniscus 

CSA of the surgical knee in males and females. However, in the medial meniscus, 

females exhibited a mean percent difference of 129% and 13.1% CSA compared to males 

in the anterior and posterior region respectively (p<.001) (Figure A. 5). The FE model 

revealed that peak contact between the femur and medial meniscus during static axial 

displacement occurred in the same region where we identified significant CSA 

differences (Figure A. 5).  

Discussion: The spatial overlap between the changes in CSA and peak contact area 

between the medial meniscus and the femur emphasizes the biomechanical relationship 

between load distribution and meniscal morphology. The similarities between the 

significant differences in the medial meniscus CSA and high-contact area may indicate 

altered load distribution in female patients post-ACL surgery, potentially increasing the 

risk of early osteoarthritic changes. Identifying the specific regions of the meniscus that 

undergo changes after surgery, particularly in female patients, may inform the 

development of targeted rehabilitation strategies aimed at reducing post-surgical OA risk. 
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Future research should focus on incorporating dynamic loading conditions into the 

subject-specific FE models to better capture the complex biomechanics of the femur-

meniscus interaction. By integrating patient-specific geometries and loading scenarios, 

we can improve the accuracy of contact stresses and better understand how post-ACL 

surgery morphological changes influence joint mechanics over time.  

 

 

Figure A. 1. Plane perpendicular to meniscal arc length intersecting 3D model of medial 

meniscus 
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Figure A. 2. Cross-sectional area profile of medial meniscus intersected with plane. 

 

Figure A. 3. Sixty equally spaced CSA measures of the lateral (left) and medial (right) 

menisci 
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Figure A. 4. FEBio Model of female subject’s knee using segmented geometry from 

MRI 
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Figure A. 5. Mean and 95% Confidence Interval of the lateral and medial menisci of 

both sexes (top left); FEBio Contact Area analysis of femur-meniscus contact (top right); 

Lateral meniscus SPM (bottom left); Medial meniscus SPM (bottom right) 
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Appendix B: Previous Methods Used to Attempt DESS to CISS MRI 

Sequence Transformations 

 

Dominique A. Barnes  
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Introduction: Chapter 6 develops the work on utilizing CycleGAN networks to 

accomplish the tasks of MRI sequence-to-sequence transformation. However, the 

CycleGAN did not prove to be successful in capturing the intricate details of the CISS 

sequence when using a DESS image to do the transformation. Previous methods were 

used before implementing machine learning to complete this task. The first method was 

called Ratio of Mean Intensities (RMI).185 RMI was calculated by collecting the average 

signal intensities of the subject’s ACL and bone and using the values to scale the DESS 

scans to CISS scans. The next method used was called histogram matching, which works 

similarly to RMI, but focuses on scaling the histograms of the signal intensities to match 

the DESS distribution to the CISS distribution.171 The final method was to advance the 

presented CycleGAN to remove the grid-like patterns from the output images when 

transforming between the DESS and CISS-like images. However, none of these methods 

proved to perform better than the CycleGAN method proposed in Chapter 6. The 

remainder of this appendix will evaluate the advantages and disadvantages of the three 

additional methods: 1) Ratio of Mean Intensities; 2) Histogram Matching; 3) Non-Grid 

CycleGAN.  

Methods 

All MRI scans of the patients included in this study were conducted on a 3T TRIO 

(Siemens; Erlangen, Germany) using a 15-channel transmit/receive knee coil (Siemens). 

Data were collected from CISS (FA = 35deg; TR = 12.78ms; TE = 6.39ms; FOV = 

140mm) scans and DESS (FA = 25deg; TR = 16.48ms; TE = 4.83ms) scans. Only MR 

images of the non-injured contralateral limbs were used for these studies.  
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Ratio of Means Intensities: Data was acquired from patients enrolled in the BEAR I, 

BEAR II, and ACL reconstruction subjects of the tension trial. CISS scans were collected 

from BEAR I (CISS = 16; DESS = 11) and BEAR II (CISS = 49; DESS = 35) patients.118 

DESS scans were collected from 35 patients from the ACL reconstruction tension trial. 

The ACL was segmented from the patient’s MR image stack. RMI was calculated by 

collecting the average SI of the ACL of all the patients for both the CISS and DESS 

scans. The averages were then divided by each other to create the RMI value (Eq. 1). The 

SI values of the DESS scans were then scaled using the RMI value (Eq. 1). The process 

was repeated for the cortical bone values from the DESS scans. The adjusted average 

bone and ACL values were then used in the log normalization equation (Eq. 2). BEAR I 

and BEAR II had paired data, therefore, a Wilcoxon signed-rank test was performed to 

determine significant differences between the CISS and DESS adjusted SI values. The 

tension study had no CISS scans, therefore, this test was not able to be performed.  

𝑅𝑀𝐼 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑆𝐼 𝐴𝐶𝐿𝐷𝐸𝑆𝑆

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑆𝐼 𝐴𝐶𝐿𝐶𝐼𝑆𝑆
 

(Eq. 3) 

 

𝑆𝐼𝑠𝑐𝑎𝑙𝑒𝑑 = log2 (
𝑆𝐼𝐴𝐶𝐿 +  ∆𝑁𝑜𝑖𝑠𝑒

𝑆𝐼𝐵𝑜𝑛𝑒 +  ∆𝑁𝑜𝑖𝑠𝑒
) 

(Eq.2) 

 

Histogram Matching: Data was acquired from patients enrolled in the BEAR I and 

BEAR II. CISS scans were collected from BEAR I (CISS = 16; DESS = 11) and BEAR 

II (CISS = 49; DESS = 35) patients.118 The goal of histogram matching can be thought of 

as a “transformation”, where the contents of the histogram do not change, but rather the 

distribution of pixel intensities matches the distribution of the target histogram. 

Histogram matching uses piecewise linear interpolation between the pixel values of the 
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input image and counts from the flattened 1-Dimensional version along with the source 

image.56,177 The cumulative distribution function of the source image pixel values is then 

calculated, and this step is repeated for the reference image. The source image quantities 

based on the reference image quantiles are used to find the interpolated values. The 

interpolated values are then used to reshape the resulting histogram of the source image 

to match that of the reference image’s shape.56,177 MAE was calculated using Equation 3 

between the CISS histogram values (reference image) and the adjusted DESS histogram 

values (source image). 

𝑀𝐴𝐸 =
1

𝑛
∗ Σ |𝐷𝐸𝑆𝑆 𝑀𝑎𝑡𝑐ℎ𝑒𝑑 𝑆𝐼 − 𝐶𝐼𝑆𝑆 𝑆𝐼| 

(Eq. 4) 

Non-Grid CycleGAN: Reference Chapter 6.3.1 and Chapter 6.3.2 for the data source 

and data preprocessing used for this study. The architecture for the CycleGAN was 

relatively the same, with the exception of updating the convolutional layers to include 

upsampling layers. The goal of this approach was to ensure that uniformity was 

maintained along the spatial scaling, and smoother outputs were observed, removing the 

grid-like artifacts.   

Results 

Ratio of Means Intensities: The Wilcoxon signed-rank test with a p-value less than or 

equal to 0.05 would indicate significance for this study, however, this test could not be 

performed on the tension study patients. The p-value for BEAR I was found to be 0.10, 

and for BEAR II was 0.002. This indicated that the difference between CISS and DESS 

adjusted value was not significantly different for BEAR I, however, for BEAR II, the 

values were found to be significantly different (Figure B. 1)  
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Figure B. 1 BEAR I CISS SI (red), DESS SI (green) and DESS adjusted SI (blue); 

BEAR II CISS SI (orange), DESS SI (yellow), and DESS adjusted SI (purple); Tension 

study DESS SI (pink) and DESS adjusted SI (blue) 

Histogram Matching: Histogram matching by aligning the specific reference of the 

targeted proved to perform well with this cohort of patients. Match intensity distribution 

of the segmented ACL region in the DESS and CISS showed promise and allows for a 

global adjustment of the entire intensity range (Figure B. 3). MAE for the BEAR I 

patients was 0.010 (n=11) and for BEAR II was 0.131 (n=22) (Figure B. 2).  
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Figure B. 2. BEAR I MAE (left) and BEAR II MAE (right) distributions between the 

DESS average, DESS matched/adjusted average, and the CISS average 

 

Figure B. 3. Example of DESS Histogram Matching. Original DESS pixel value 

distribution (blue), adjusted DESS (yellow), and CISS histogram pixel distribution 

(green) 
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Non-Grid CycleGAN: The run-time for one epoch was found to be 3 hours with the 

addition of upscaling to the convolutional layers. Due to this reason, only 15 epochs were 

able to run and were qualitatively evaluated. What we were able to visualize was that the 

model, even with the addition of the upsampling layers to the convolutions, was not able 

to produce optimal results. The grid-like artifacts in the output images were not as 

obvious as the original CycleGAN results in Chapter 6 for the DESS to CISS 

transformations (Figure 28). The payoff was largely seen in the sharpness and overall 

quality of the outputs (Figure B. 4).  

 

Figure B. 4 Output images after 5, 10, and 15 epochs of the updated CycleGAN model 

with original input images (top left) and target image (top right) 

Discussion: There is still much needed to be done in the field of MRI sequence-to-

sequence transformations. However, each of these studies has allowed for further insight 

into the advantages and disadvantages of varying methods. The Ratio of Mean Intensities 

is a simplistic way to mathematically transform pixel values from a source to a target 
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range. However, it’s simplicity may often overlook the complexities of MRI acquisition 

parameters that result in very high MAE scores with agreement between the target and 

adjusted source in the BEAR I were found to not be significantly different. BEAR I does 

have a lower sample size, which may have allowed for this agreeance between the 

adjusted DESS and target CISS values. Scaling intensities with a simple linear 

transformation was found to be insufficient. Therefore, a higher order of transformation 

was needed. Histogram matching was thought to be a more sophisticated method that 

may have led to better results.  

 Histogram matching was shown to result in  much better MAE scores between the 

adjusted DESS and target CISS pixel values. These values improved from the RMI 

method, which proved to be advantageous. However, Histogram matching requires the 

need of perfect one-to-one matching. This would require each subject to obtain an image 

in both DESS and CISS images in order to conduct the successful transformation of 

histograms. This is not always possible, and the need for  perfect pair defeats the purpose 

of creating a normalization technique that would perform this transformation if the 

patient only had the DESS scans.  

 The last and final effort of this study was to update the CycleGAN to advance the 

convolutional layers with an upscaling layer to hopefully remove the grid-like artifacts 

found in the output images presented in Chapter 6. Although the grid-like artifacts were 

adjusted for with the updated method of CycleGAN, there were additional obstacles 

created with the adjustment of the CycleGAN architecture. The first and most prominent 

obstacle was the run-time for each epoch. The epoch run-time was now 3 hours for one 

epoch, which was due to the lack of convergence found from the comparison between the 
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generated images and the target images. This increased run-time from 1 hour with the 

original model to 3 hours significantly impacted the number of epochs we were able to 

run with the given GPUs of the Google Cloud system. The model also did not perform 

well, as there was a different variation of noise that was introduced, specifically around 

the region of interest, which was the ACL. Overall, given these obstacles of the updated 

model along with the previous methods, we concluded that the model presented in 

Chapter 6 performed the best for this task and acknowledged there are opportunities for 

growth in the field of machine learning to perform MRI sequence-to-sequence 

transformations.  
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