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ABSTRACT

Knee osteoarthritis (OA), the most common form of arthritis in the US, carries a lifetime risk of 45% in older adults. Knee OA has been associated with neuropathic symptoms, such as pain and loss of sensation, and reduced sensory peripheral nerve function (PNF). However, the relationship between knee OA and peripheral nerves remains poorly understood. We examined PNF using monofilament detection (insensitivity: unable to detect 3/4 touches of 1.4-g, 4-g and 10-g at dorsum of right and left big toe) in patients aged ≥60 years with knee OA who had unilateral total knee replacement (TKR). Patients (N=126) were 63.5% women; age 69.8±6.5 years; 2-4 months post-surgery, and had a mean Western Ontario and McMaster Universities Arthritis Index (WOMAC) score: 20.1±7.8. Conditional logistic regression was used to compare between knee differences of patients’ TKR and non-surgical knee (NSK) in separate models for 1.4-g, 4-g and 10-g monofilament insensitivity. Monofilament insensitivity was similar in the TKR knee compared to NSK: 1.4-g (31.8% vs. 29.4%), 4-g (15.9% vs. 15.1%), and 10-g (8.7% vs. 10.3%), all NS. In conditional logistic regression models, monofilament insensitivity was not different for 1.4-g (OR=1.3; 95% CI: 0.57-3.0), 4-g (OR=1.2; 95% CI: 0.39-3.5) or 10-g (OR=0.50; 95% CI: 0.09-2.7) in patients’ TKR vs. NSK. Although light touch monofilament insensitivity was highly prevalent in TKR patients, lack of differences for TKR vs. NSK suggests that knee OA rather than surgery may be responsible for PNF impairments. Future studies should include more sensitive tests of PNF in TKR patients to further elucidate the public health importance of PNF and knee OA.
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[bookmark: _Toc498962354]knee OSTEOARTHRITIS
Osteoarthritis (OA), the most common form of arthritis, is a significant health burden on the US population.  Knee OA is the most common form of lower-body arthritis in the US1.  Under normal circumstances, the cartilage and surrounding articular tissue in the knee allows the bone surfaces to glide along their articular surfaces without friction and pain.  Knee OA develops when cartilage between the bones of the lower leg starts to wear down causing inflammation2.  This wearing down of cartilage and subchondral bone can cause structural changes to occur in the joint causing pain and mobility impairment3,4.  Severe cases of prolonged knee OA can eventually lead to painful bone on bone contact.  Other symptoms of knee OA include decreased range of motion, bony enlargements around the knee joint, and elevated sensitivity to cold temperatures as well as humidity in the air5.  Knee OA is attributed to 19% of disability among US adults1, of which pain associated with movement is the most likely contributing factor6.    
While no single test to diagnose knee OA exists, most doctors diagnose the condition through a combination of physical exams and clinical history7.  The primary symptom doctors consider when diagnosing arthritis is pain that increases during activity and recovers during rest8. The two different classifications of knee OA are symptomatic and radiographic.  Symptomatic knee OA refers to indicators that a patient may feel and include pain, stiffness, and loss of motion2.  Radiographic OA refers to a diagnosis by x-ray and involves the following criteria: narrowing of the joint space of the knee, the presence of osteophytes and/cysts, and subchondral sclerosis9.   The most common radiological classification criteria comes from the Kellgren-Lawerence (K/L) radiographic grading scheme10.  Developed in the 1957, this scale judges knee OA according to a five point scale ranging from 0-411.  The scale classifies the severity of knee OA by the presence of narrowed joint space, sclerosis, cysts and/osteophytes, and malformation11. A classification of two or higher indicates the presence of arthritis in the knee and requires the incidence of osteophytes and distinct joint space narrowing11.  Further classifications require more than one osteophytes in the knee along with further joint space narrowing11.  
Knee OA affects all ages and ethnic backgrounds but predominately occurs in older populations.  Murphy et. al. calculated the lifetime risk of developing knee OA by applying logistic regression and general estimation equations to a cohort of 3,068 participating in the Johnston County Osteoarthritis Project, a longitudinal study of men and women ages 45 and older living in rural North Carolina12.  Findings showed a lifetime risk of developing knee OA of approximately 45%12.  This study also showed that for those who had previous knee injuries, lifetime risk rose to 56.8% and, for those who with a BMI in the obese category, about two out of every three were at risk for knee OA.  According to the National Health and Examination Survey (NHANES III), approximately 37% of those who participated in a representative U.S. survey reported doctor diagnosed radiographic OA13.  A large meta-analysis that included 85 studies related to risk factors of developing knee OA showed that obesity was the leading contributor to knee OA (pooled OR 2.63, 95% CI: 2.28-3.05) followed by previous knee trauma (pooled OR 3.86, 95% CI: 2.61-5.70) including prolonged squatting14 and the presence of hand OA (pooled OR 1.49, 95% CI: 1.05-2.10)15.  Studies have also shown female sex to be a risk factor in the incidence of knee OA16.  In addition to age, several modifiable and non-modifiable risk factors for knee OA exist.  
Diabetes and obesity are large contributors to both peripheral nerve (PN) decline and knee OA.  Obesity, defined as a BMI >30 kg/m2, contributes largely to the progression of knee OA by placing mechanical stress on the joints which leads to the formation of lesions and cartilage damage (Figure 1)17.  This added stress encourages the proliferation of osteophytes within the joints that creates a pathway to knee OA.  Diabetes and other metabolic factors have also been shown to contribute to the progression of knee OA18.  Both diabetes and knee OA are chronic conditions, have subclinical presentations that often are undiagnosed clinically during their onset, and increase as populations age18.  Decreased PN function is also a common complication of 
[image: ]
[bookmark: _Toc498962698]Figure 1. Peripheral Nerve and Knee OA Conceptual Model


diabetes, with approximately 45-50% of diabetes patients having a diagnosis of peripheral neuropathy19.  Diabetic neuropathy may have similar symptoms and presentation to knee OA, including sensory axonal degeneration and loss of proprioception in the lower extremities.20  Leaverton et. al. hypothesized that the symptomatic pain in knee OA may possibly be explained in diabetes by neuropathy, as patients with diabetes-associated neuropathy suffered knee OA at an earlier age as well as with greater severity compared to study participants without diabetes18.  Consideration of comorbid conditions such as diabetes and obesity may prove valuable to treating the pain and functional limitations that are associated with knee OA and PN decline.        	
[bookmark: _Toc498962355]Total knee replacement 
Total knee replacement (TKR), also known as a total knee arthroplasty, are common procedures performed on Americans each year.  Annually, more than 700,000 TKRs are performed in the U.S., corresponding to a prevalence rate of 1.52%21,22.  These numbers are expected to rise with the increase in baby boomers entering older adulthood as well as others medical advances that improve quality of life into old age.  Over the past decade the amount of TKR surgeries has doubled23.  By 2030, it is projected that the demand for TKRs will increase 673% to 3.48 million procedures23.  										
End-stage arthritis is the most common reason for TKR procedures.  Over half of all people who have been diagnosed with knee OA will have a TKR surgery in their lifetime23.  Many of the adults who opt for TKR have significant functional limitations and activity restrictions due to the pain associated with knee OA24–26.  TKR surgeries involve removing the damaged tissue and articular cartilage from the end of the femur and the top of the tibia that become damaged due to arthritis27.  A TKR may also involve removing parts of the patella, depending on the severity of the knee joint degeneration and at the surgeon’s discretion27.  After removing the damaged tissue of the knee, prosthetic pieces (usually made of metal or plastic) are cemented into the knee and held in place27.  These synthetic implants allow the joint to move around more freely and without risk of friction or inflammation.   		
Although patients often find relief from the persistent pain of knee OA following TKR surgery, 37% of patients still have persistent functional limitations one year after their surgeries28.  Patients who undergo TKR have significantly decreased range of motion, decreased quadriceps strength, and slower walk time-tests compared to their healthy counterparts up to six months after surgery28.  In addition, patients who undergo unilateral TKR often have additional surgeries in the contralateral knee to relieve knee OA symptoms.  The surgery may also damage nerves within the knee, with consequences being decreased function of the mechanoreceptors which can impair movement and control29.  With the changes that occur in TKR surgery, it is important to examine how they affect PN function in older populations with knee OA following TKR.		 
[bookmark: _Toc498962356]peripheral nerve function
The peripheral nerve (PN) system of the body connects the brain and spinal cord to the rest of the body, acting as a transmission with the nervous system to the outer limbs of the body.  Within the knee joint, nerves are classified by the nature with which they innervate the knee: articular branches that innervate the knee joint directly and minor articular branches that pass through the knee joint30.  The knee joint has several major nerves that supply the knee: the posterior articular nerve which is the largest nerve supply to the knee and a terminal branch of the obturator nerve along with the sural nerve which supply the posterior afferent section31.  The common peroneal, saphenous, and femoral nerves supply the anterior afferent section of the knee31.  There are two types of peripheral neurons.  Motor neurons carry neural impulses from the central nervous system (CNS) to muscles and glands and sensory nerves that carry neural impulses to the  CNS via afferent nerve fibers32.  Several different fibers and receptors aid in the transmission of signals to the CNS.  Mechanoreceptors located in the ligaments, muscles, and bone that detect pressure and distortion which helps maintain balance and to perform normal daily activities33.  Polypeptides also aid the PN system by detecting sensations such as pain30.  Calcitonin and substance P among other neuropeptides have been localized as transmitters of pain sensations in the body.  These neuropeptides may contribute to some of the discomfort experienced by people with knee OA30.
Aging and chronic conditions of aging are associated with a decline in PN function.  The Health, Aging and Body Composition (Health ABC) study, a longitudinal observational study of 3,075 community-dwelling white and black cohort ages 70-79 with and without diabetes from Pittsburgh, PA and Memphis, TN, showed that half of the mobile adults in the cohort experienced some PN impairment34.  Further work from this study has also linked decreased PN function to important late-life health outcomes such as worse physical performance35, walking endurance36, increased likelihood of falls37, and an onset of mobility limitations34.  PN impairment has been shown to increase with age.  Gregg et. al. estimated the prevalence of PN impairment from the NHANES survey38. The analysis, which included those with and without diabetes, found that 28% of adults 70-79 and 35% of adults ≥80 showing loss of 10-g monofilament detection in the US38.  The findings of this study indicate an age gradient in PN impairment that should be studied further.
Sex may also be a contributing factor to PN impairment in the aging process.  Older men tend to have slower nerve conduction compared to women due to greater height and potential hormonal effects and the nervous system39,40.  Baldereschi et al. examined the epidemiology of distal symmetrical neuropathy (DSN) in a cohort 2,845 older Italians.  Results showed that although both men and women experienced higher peripheral neuropathy rates with age, males experienced a rate of 9.02 cases of DSN per 1,000 person-years compared to 7.91 per 1,000 person-years for women at the end of the three year follow-up41.  Sex differences in PN impairment should be investigated to understand the physiologic and biological differences.   
The correlation between PN function and knee OA continues to be poorly understood.  Previous studies have been cross-sectional and therefore have limitations in findings42,43.  Studies of mice models have found that as age-related joint deterioration and subsequent decreased joint innervation occurs, the deterioration risk of developing knee OA increases44.  Under normal circumstances, the creation and destruction of extracellular components of PN tissue in sensory neurons maintains an equilibrium to ensure healthy function absent of pain45.  In patients who develop knee OA, the equilibrium is disrupted which leads to the destruction of cartilage.  The body responds with an increased presence of chondrocytes, which eventually leads destruction of the cells and neural fibers45.  These chondrocytes disrupt the sensory fibers found in the knee that further exacerbates the pain reception in the knees with OA46.  Examining these PN changes in relation to knee OA remains a topic that needs to be explored further.
Several methods for testing PN function exist for older adults.  A nerve conduction study (NCS) tests motor and sensory nerve function by sending electrical impulses that stimulate the nerves and assessing the response47.  The results include the compound muscle action potential (CMAP) for motor nerves and the sensory nerve action potential amplitude (SNAP).  This test evaluates both the amplitude of the response from the nerves and the speed at which the signal travels the length of the nerve being tested.  Monofilament testing assesses sensory nerve function by applying a standard pressure via a nylon fiber to an extremity.  The monofilament delivers different calibers of pressure when applied to skin surfaces and include 1.4-g, 2-g, 4-g, and 10-g levels of pressure. The monofilament test is used to test specific sensory nerve receptors, including the Pacinian corpuscle which perceives pressure in areas of the knee which can greatly affect mobility including balance48.  The 10-g monofilament is a standard test used to detect peripheral neuropathy and can be used in both diabetic and non-diabetic populations35.  In diabetic populations the 10-g monofilament test is also used to predict foot ulceration which can lead to skin infections and amputation49.  The light 1.4-g monofilament is used to detect subclinical symptoms of peripheral neuropathy is both diabetic and non-diabetic populations35.  The dorsum of the toe is usually tested due to the higher sensitivity at this site.  The participant is asked to report when they feel the pressure from the monofilament being applied.  The test is performed in multiple trials.  Vibration detection threshold (VBT) is another measure that evaluates sensory nerve function.  Participants begin the test by placing their large toe on a knob that is attached to a platform47.  The platform begins to vibrate at a low intensity and is gradually increased until the participant reports detection47.  Another example, the quantitative tuning fork, involves placing adjusted weights to a fork-like instrument that changes the vibration on a 0-8 scale47.  The vibration decreases the longer it is placed on a skin surface until the participants reports when they can no longer feel it47.  Together, these testing methods provide different information on PN impairment in older populations. 
Several studies have evaluated the relationship between PN function and OA using these various testing methods (Table 1).  Using vibration testing in the form of a vibration platform, Resnick et al. and Strotmeyer et al. both found significant cross-sectional associations with decreased vibration platform scores and standing balance, usual and fast paced walking speed, the ability to stand from a chair, the Short Physical Performance Battery (SPPB), mobility disability35,50.  Both studies also found that after adjusting for diabetes, the relationship between poor sensory motor performance and these mobility outcomes remained significant. Resnick et al. found that diabetes was not found to be linked to any of the mobility measures after adjusting for sensory impairment in the Women’s Health and Aging Study50.  While results from this study were promising, the study had limited generalizability due to the cohort being only disabled women50.  In the Health ABC study, adjusting for PN function measurements attenuated only a portion of mobility outcomes (20.8% for usual walking speed, 26.5% for standing balance, and 25.1% for SPPB score)35.  The implications of vibration and tuning fork testing can be used for future implications of sensory nerve impairment in older populations. 
Using monofilament testing has also been used in previous studies of sensory nerve impairment.  Ferrucci et al. tested a cohort of 818 Italian elders in the for PN impairment relating to mobility outcomes and falls37.  From the cross-sectional study, results showed that after adjustment for sex and age, inability to detect 2-g and 4-g monofilament was related to slower walking speed (% difference (95% CI: -12% (-6% - -19%) and increased odds of not being able to walk 1 km OR=2.90 (95% CI: 1.40 – 5.90) when compared to the average of the cohort37.  Using the 1.4-g and 10-g monofilament, Strotmeyer et al. found that greater monofilament detection (defined as ≥3 of 4 touches) was related to faster narrow walking speed (β=0.049, p=0.006) and faster speed in the repeated chair stand (β=0.015, p=0.007)35.  Chiles et al. had similar findings, with inability to detect 2-g and 4-g monofilament resulting in a lower mobility outcomes including a lower SPPB score (β=0.05, p<0.05)51.  1.4-g and 10-g monofilament insensitivity also differed in diabetic and non-diabetic individuals.  1.4-g monofilament insensitivity was 19.2% vs. 10.4% (p ≤ 0.001) and 6.7% vs. 5.6% (p=NS) for diabetic vs. non-diabetic males and females, respectively51. Further, 10-g monofilament insensitivity was 61.9% vs. 50.4% (p ≤ 0.001) and 44.0% vs. 38.1% (p=NS) for diabetic vs. non-diabetic males and females51.  Ward et al. examined 1.4-g and 10-g monofilament insensitivity (defined as <3 of 4 touches).  1.4-g monofilament insensitivity was 36.1% vs. 39.6% and 10-g monofilament insensitivity was 7.5% vs. 13.7% for non-diabetic and diabetic participants, respectively47.  Using monofilament testing in diabetic and non-diabetic populations is important in examining PN impairment in more generalizable populations. 	
Peroneal CMAP and motor NCV tests were also used in previous literature to assess peripheral motor nerve measures and mobility outcomes.  Strotmeyer et al. found from the Health ABC study that higher CMAP amplitude resulted in a higher performance battery score (β=0.105, p<0.001), faster usual walking speed (β=0.008, p=0.004), faster narrow walking speed (β=0.029, p<0.001), and higher standing balance ratio (β=0.014, p<0.001)35.  Analyses were adjusted for demographics including body composition, lifestyle factors, and chronic conditions including diabetes35.   Using the same methodology as Strotmeyer et al., Evans et al. found an association between worse CMAP scores and lower test scores in the Walking Impairment Questionnaire (WIQ) walking and stair climbing score52.  Lower peroneal motor NCV was also found by Evans and colleagues to be related to decreased WIQ questionnaire scores52.  Previous PN research has indicated that PN impairment leads to poorer mobility outcomes and decreased physical function in older adults.	
[bookmark: _Toc498962357]Gaps in literature 
Important gaps exist in the current literature to be addressed for future studies on PN function and knee OA.  Subclinical measures for peripheral nerve impairment need to be explored, especially those not diagnosed with diabetes38.  Future studies should explore the prevalence and incidence of peripheral neuropathy in the population, not just those with diabetes, and include subgroups such as older populations and those with knee OA.  Measures such as the tuning fork are less sensitive tests for PN impairment and are not typically used in subgroups of older populations.  PN measures such as the 1.4-g monofilament are reliable testing measures for subclinical PN impairment and should be implemented.  Previous literature has also shown that diabetes cannot fully explain to relationship between peripheral neuropathy and mobility limitations.34,53  Future studies in PN function and mobility disability need to include more diverse, generalizable populations.  Other risk factors such as presence of knee OA, age and sex differences should continue to be studied to evaluate other contributors to PN impairment.  Past prospective studies have indicated important findings on mobility outcomes such as falls and mobility disability from previous studies of sensory and motor nerve impairment35,47,54.  Future prospective studies should examine PN impairment in high-risk subgroups such as those with knee OA.  From these studies, we can explore how age and sex-related functional declines and knee OA affect PN function.     
[bookmark: _Toc498962358]public health significance 
Knee OA continues to be burden on the US population in terms of economic costs, limited mobility because of pain, lost productivity, and overall poor health.  Furthermore, the link between sensorimotor declines later in life needs to be explored further to gain better understanding.  TKR surgery is the most widely used and a best practice for relieving symptoms.  However, patients who undergo TKR surgery rarely return to normal function and are subsequently are at risk for mobility limitations and prolonged pain.  By studying TKR surgery and PN function in patients with knee OA, we have the opportunity to gain knowledge that may lead to better health outcomes, reduced pain, prescription and exercise recommendations, and higher overall quality of life.  
[bookmark: _Toc498962359]objectives 
The goal of this study is to understand the relationship of the sensory nerves to TKR surgery patients with knee OA using a standard clinical screen for peripheral neuropathy.  Specifically, we will determine if impaired monofilament detection is related to the TKR knee vs. the non-TKR knee.  The hypothesis is that impaired monofilament detection will be worse in the TKR knee compared to the non-surgical knee. 
[bookmark: _Toc498962360]Methods
[bookmark: _Toc498962361][bookmark: _Toc106513533][bookmark: _Toc106717791]ReCruitment
Patients were recruited directly from University of Pittsburgh Medical Center (UPMC) surgeons who performed the TKRs.  Following the surgery, letters were mailed out to patients providing information about the study.  Surgeons who participated in recruitment for the study perform more than a thousand TKRs per year and have had success with study recruitment in previous studies.  This method was the primary recruitment tool for participants as approximately 80% of all participants for the study were recruited from letters from surgeons.  In addition, two research registries were used in the recruitment process.  The University of Pittsburgh Clinical and Translational Science Institute (CTSI) Research Registry started in 2006 and has enrolled approximately 33,000 participants.  One of the strengths of the registry is that it is reflective of the outreach CTSI has done to be inclusive of minority groups in the local Pittsburgh area.  The University of Pittsburgh Pepper Center Registry started by the Claude D. Pepper Older Americans Independence Center includes 2,500 consenting participants and were specifically enrolled by the Pepper Center to reach out to urban neighborhoods with residents of lower socio-economic and minority status.  Recruitment from these two registries accounted for approximately 10% of participants.
Recruitment was facilitated through media announcements and informational brochures posted at the Vintage Community Senior Center and the Squirrel Hill Jewish Community Center.  Both of these locations are participating locations in the study and are designated community senior citizen centers by the Allegheny County Area Agency for Aging.  Emails and print announcements from the two community center’s monthly newsletter were also sent out to potential participants.  Recruiting through these senior centers accounted for approximately 10% all of participants.  All participants were compensated $40 for their participation to offset lost wages and also received free parking. 
[bookmark: _Toc498962362]Study population
Participants enrolled in the study had to be above the age of 60 and have had a recent unilateral TKR surgery, between two to four months prior to the beginning of the study.  No exclusions were made based on sex, race, or ethnicity.  Due to the higher prevalence of knee OA and TKR in women compared to men (60% vs 40%), female enrollment was emphasized more compared to male recruitment.  The participants were part of a larger randomized control trial, which is evaluating the effect of exercise to reduce the burden of physical limitations of patients who undergo TKR.  The intervention trial compared usual care following TKR surgery to a clinic-based individual outpatient rehabilitative exercise and a community-based group exercise class.  The aims of the parent study was to compare outcomes of physical function and physical activity between the three exercise groups and to identify baseline predictors of functional recovery for the clinical and community based exercise groups.
Participants also had to have a Western Ontario McMaster Universities Osteoarthritis Index (WOMAC) score of nine or higher (Appendix I) on the physical function (PF) portion to ensure that participants had a modest amount of functional limitations to be included in the study.  The WOMAC index is a disease specific 24-item questionnaire designed to apply a quantitative score on self-reported physical function.  The WOMAC has been extensively validated and is the recommended instrument in studies of knee OA55.  Participants also had to be able to speak English, be willing to be randomized into one of three treatment groups, and have the appropriate medical clearances from their surgeon.  Participants were excluded from the study if they had contraindications to exercise training as defined by the American College of Cardiology/American Heart Association standards:  History of uncontrolled cardiovascular disease or hypertension, were unable to walk 50 meter without an assistance device, or were unable to comfortably bear weight on both their surgical knee and non-surgical knee56.  Participants were excluded if they reported a history of any muscular disease (eg. muscular dystrophy) or any neurological disorder, which may affect lower body function (eg. Parkinson’s disease, clinical neuropathy, cerebrovascular accidents, multiple sclerosis).  Participants who reported regular exercise activity were also excluded from the study.  In an effort to maximize adherence, participants were excluded if they had an acute or terminal illness, were planning to have an additional joint replacement surgery (hip or knee) in the next year, or were planning to relocate out of the region within the next year.  All study participants who were included in the parent study signed an informed consent document stating that they agreed to be involved in the study and were willing to be randomized into one of three exercise groups. 

[bookmark: _Toc498962363]Study measures
[bookmark: _Toc498962364]Monofilament testing
Participants were tested for touch sensation using a monofilament. The monofilament is a small instrument made of a thin nylon thread that is attached to a pen-like handle (North Coast Medical, Inc.).  When applied to a skin surface, the filament tests sensory nerve levels by delivering a standard, calibrated amount of force as the filament buckle into a “C” shape (Figure 2).  Pressure is higher for nylon filaments with larger diameters.  Three different monofilaments were used for this study: the 5.07 monofilament (delivering a standardized 10-g force), the 4.56 monofilament (providing a standardized 4-g force), and the 4.17 monofilament (providing a standardized force of 1.4-g).  The 5.07 monofilament is the standard test for peripheral neuropathy57 while the 4.56
[image: ]

[bookmark: _Toc498962699]Figure 2. Monofilament Testing Procedure

has been used in studies as an intermediate measurement between the 4.17 and 5.0758.  Monofilament screening has been shown to be reproducible59 and has been shown to predict musculoskeletal outcomes in older adults36,53. Participants were instructed to lay supine with their eyes closed.  The monofilament was applied against the dorsum of the big toe surgical knee (SK) and non-surgical knee (NSK) between the nail and knuckle.  Participants were tested four times per side, each time asked to indicate if they felt the monofilament.  Inability to detect was defined as <3 of 4 touches per side.  The protocol begins with the 4.17 monofilament, and if the participants failed to detect three or more touches, they were then tested with the 4.56.  If they failed to detect the 4.56 monofilament, they were tested with the 5.07 monofilament.   
[bookmark: _Toc498962365]Demographic Characteristics 
Demographic characteristics such as age, sex, and race/ethnicity were ascertained at baseline via questionnaire.  During a clinical examination, participants were screened for their blood pressure, height, weight, and BMI.   
[bookmark: _Toc498962366]statistical analysis 
The statistical approach for this cross-sectional study was to evaluate PN function in participants before the exercise intervention.  The study aim of relating monofilament detection in the TKR-knee to the non-operative knee were analyzed through conditional logistic regression.  Conditional logistic models were also stratified by sex and age (≤70 and >70) to test for differences based on previous research findings.  Studies before have been conducted using conditional logistic regression for adults suffering from knee OA60.  All analyses were performed using SAS version 9.4 (SAS institute, Cary, NC).   
[bookmark: _Toc498962367]Results
A total of 143 participants were enrolled for baseline testing.  Participants were excluded from analyses if they did not have TKR and non-TKR sides tested, not having test results for both sides, or refusing to have testing done on both knees (N=17), leaving 126 participants who underwent monofilament testing on both knees at baseline and were included in the analysis.  Participants were 63.5% women, mean age 69.8±6.5 years, had a mean WOMAC-PF score of 20.1±7.8, and a mean BMI of 31.29±5.8 kg/m2.  Monofilament insensitivity between the TKR knee and non-surgical knee (NSK) respectively were as follows: 31.8% vs. 29.4% for 1.4-g monofilament, 15.9% vs. 15.1% for 4-g monofilament, and 8.7% vs 10.3% for 10-g monofilament (Figure 3).  All differences between TKR and non-TKR knees were non-significant (p>0.05).  Conditional logistic regression odds ratios are as follows: OR=1.30 (95% CI: 0.57 - 3.00) for 1.4-g, OR=1.20 (95% CI: 0.39 - 3.50) for 4-g and OR=0.50 (95% CI: 0.09 - 2.70) for 10-g monofilament (Figure 4).  Although not significant, the odds of monofilament insensitivity in the TKR knee were 1.3 and 1.2 times higher for the 1.2-g and 1.4-g monofilament, respectively.  Interestingly, the 10-g monofilament had a protective effect in regards to TKR, with the odds of monofilament insensitivity being 50% lower in the TKR-knee.  After stratifying by sex, neither males nor females showed differences in monofilament detection.  Conditional logistic models for females only models were OR=2.25 (95% CI: 0.69 – 7.31) for 1.4g and OR=1.50 (95% CI: 0.25 – 8.98) for 4-g monofilament (Figure 5).  10-g monofilament detection could not be analyzed due to small sample size for women.  Stratified by males, conditional logistic models resulted in OR=0.67 (95% CI: 0.19 – 2.36) for 1.4-g, OR=1.00 (95% CI: 0.25 – 4.00) for 4-g, and OR=0.25 (95% CI: 0.03 – 2.24) for 10-g (Figure 6).    Models were also stratified by age for those younger than and older than 70.  For those 70 or younger, conditional logistic regression models were OR=1.40 (95% CI: 0.44 – 4.41) for 1.4g, OR=1.00 (95% CI: 0.20 – 4.95) for 4-g, and OR=1.00 (95% CI: 0.06 – 15.99) for 10-g monofilament (Figure 7).  For those over 70 years of age, logistic models were as follows: OR=1.20 (95% CI: 0.37 – 3.93) for 1.4-g, OR=1.33 (95% CI: 0.30 – 5.96) for 4-g, and OR=0.33 (95% CI: 0.04 – 3.21) for 10-g monofilament (Figure 8). 
	 
[bookmark: _Toc498962368]Discussion
The purpose of this study was to describe sensory nerve impairments in patients with knee OA who have undergone unilateral TKR surgery.  Results from this study show that monofilament insensitivity remains highly prevalent in both the TKR knee and the NSK, though monofilament detection was similar in both knees.  Factoring in age and sex into conditional logistic regression analyses between TKR and non-TKR knees did not attenuate overall results. Overall, the findings of the study did not support that impaired monofilament detection was worse in the TKR knee compared to the NSK.  For monofilament insensitivity, knee OA rather than the TKR surgery may by more responsible for PN impairments.
Monofilament testing of sensory nerve function have not often been done in older populations with and without diabetes.  In Health ABC, 1.4-g monofilament insensitivity was 36.8% and 10-g monofilament insensitivity was 8.9%36.  The 4-g intermediate monofilament was not used for this study.  Compared to our results, monofilament insensitivity is similar for 10-g and slightly lower for 1.4-g.  This may be explained by age of participants for Health ABC vs. the current analyses.  The median age of participants was 76.5±2.9 where our median age was lower at 69.8±6.5.  This age difference is important due to previous research indicating higher PN impairment levels as individuals age38.  More research is needed in diverse older adult populations to determine prevalence of sensory nerve loss.  This study also adds to the literature of monofilament testing in populations that includes older adults with diabetes.
One of the main strengths of this study is that it contributes to research evaluating the role PN impairment has on knee OA has on older populations.  More research in this area is needed to answer important questions such as whether PN impairments are reversible in knee OA.  Monofilament testing is an affordable, reliable testing instrument36,53 that may be a useful indicator of both subclinical and protective sensation in other older populations with chronic diseases such as knee OA.  In addition, this study is the first to our knowledge to look at PN function and TKR surgery in adults with knee OA.   With the prevalence of knee OA and TKR surgeries expected to rise1,23, it is important to understand the underlying sensory nerve impairments in these populations to ensure patients who undergo TKR surgery are able to regain maximum function and quality of life.  This study also was generalizable to a population affected by knee OA who underwent TKR.  Participants recruited from UPMC represent a large, diverse surgery population of high-risk older adults.  This research also looked at the effects on an age gradient and how sex differences have an effect on PN impairment and knee OA which is needed based on previous research findings38,61–63.
Our study had some limitations, namely tests that detect more sensitive PN decline were not done to further elucidate the relationship of PN function and TKR surgery.  Only monofilament testing was included to assess sensory nerve function.  Tests such as nerve conduction studies should be included in testing in the future to measure both motor and sensory nerve changes that occur after TKR surgery.  Examining both motor and sensory nerve changes is important to determine etiology in this population.  In addition, tests such as vibration detection threshold should also be included as an additional way to test sensory nerve function.  Future studies should include OA duration in order to give detail to how this may affect PN changes.  Higher duration of knee OA may lead to higher PN impairment, although further research in needed.  Finally, clinical indicators of physical performance decline such as gait speed decline should be included in future studies of knee OA and PN decline.  Examining these changes will be important to determine how important mobility outcomes such as walking speed is affected by PN impairment. 	The next step of this ancillary study is to conduct a prospective exercise intervention to examine whether exercise can reduce mobility limitations and PN decline in knee OA patients.  Sensory PN impairments in older populations with knee OA remains an understudied topic, though should be further examined to reduce mobility limitations and lower risk of other health outcomes such as falls.  The public health implications from this research include addressing mobility limitations among the older populations with chronic conditions, health outcomes following TKR surgery, and quality of life for adults throughout the aging process. 
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Figure 3. Monofilament Insensitivity Comparison for TKR vs NSK
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[bookmark: _Toc498962701]Figure 4. Conditional Logistic Regression for Monofilament Insensitivity between Discordant Knees 
TKR vs. NSK
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[bookmark: _Toc498962702]Figure 5. Conditional Logistic Regression for Monofilament Insensitivity between Discordant Knees
TKR vs. NSK (Females)
[image: ][bookmark: _Toc498962703]Figure 6. Conditional Logistic Regression for Monofilament Insensitivity between Discordant Knees TKR vs. NSK (Males)
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[bookmark: _Toc498962704]Figure 7. Conditional Logistic Regression for Monofilament Insensitivity between Discordant Knees 
TKR vs. NSK (≤70)
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Western Ontario and McMaster Universities (WOMAC) Osteoarthritis Index 
Section A
INSTRUCTIONS TO PATIENTS

The following questions concern the amount of pain you have experienced due to arthritis in your knee joint(s). For each situation please enter the amount of pain experienced in the last 48 hours. (Please mark your answers with and “X”.)

QUESTION: How much pain do you have?

1. Walking on a flat surface.
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

2. Going up or down stairs. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

3. At night while in bed. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

4. Sitting or lying. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

5. Standing upright. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

Section B
INSTRUCTIONS TO PATIENTS

The following questions concern the amount of joint stiffness (not pain) you have experienced in the last 48 hours in your knee joint(s). Stiffness is a sensation of restriction or slowness in the ease with which you move your joints. (Please mark your answers with and “X”.)

6. How severe is your stiffness after first wakening in the morning? 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

7. How severe is your stiffness after sitting, lying or resting later in the day?
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

Section C
INSTRUCTIONS TO PATIENTS

The following questions concern your physical function. By this we mean your ability to move around and to look after yourself. For each of the following activities, please indicate the degree of difficulty you have experienced in the last 48 hours due to arthritis in you knee joint(s). (Please mark your answers with and “X”.)

QUESTION: What degree of difficulty do you have?


8. Descending stairs. None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

9. Ascending stairs. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

10. Rising from sitting. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

11. Standing. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

12. Bending to floor. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

13. Walking on flat. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□


14. Getting in/out of car. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

15. Going shopping.
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

16. Putting on socks/stockings. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□
17. Rising from bed. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□
18. Taking off socks/stockings. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□
19. Lying in bed. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□
20. Getting in/out of bath. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□
21. Sitting. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□
22. Getting on/off toilet. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□
23. Heavy domestic duties. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□

24. Light domestic duties. 
None		Mild		Moderate	Severe	Extreme
□		□		□		□		□
25. 
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Author Mean Age ± SD PN test Results

Lange-Maia et al., 

2017

76.5 ± 2.9

1.4g and 10-g 

monofilament, 

vibration 

threshold, 

peroneal motor 

NCV

Poor nerve conduction velocity (<40m/s) was 

associated with greater odds of postural hypotension 

(OR=1.60, 95% CI: 1.0-2.5). Monofilament insensitivity 

for 1.4-g was 36.8% and 10-g was 8.9%.  Stratified by 

diabetes status: 36.1 vs. 39.6% for 1.4-g and 7.5% and 

13.7% for 10-g for no diabetes vs. diabetes status.  

Courtney et al., 

2016

65.8 ± 4.7

Vibration 

threshold

Vibration effects were larger in the worse affected OA 

knee F=16.38, p=0.146) compared but was NS in best 

functioning OA knee (F=3.21, p=0.0767)

Chiles et al., 2014

Paritcipants 

w/diabetes 75.4 

± 7.5; 

Participants w/o 

diabetes 74.6 ± 

7.4 

2-g and 4-g 

monofilament, 

vibration 

threshold, 

Peroneal motor 

NCV

worse NCV conduction associated with lower SPPB 

scores (β=0.05, p<0.05), NS for slower gait speed. Worse 

neuropathy scores associated with lower SPPB scores 

((β= -0.94 for 2 vs. 0-1; β= -2.42 for ≥3 vs. 1; both p<0.01) 

and slower gait speed (β= -0.10 for 2 vs. 0-1; β= -0.15 for 

≥3 vs. 1; both p<0.01)

Ward et al., 2014 76.5 ± 2.9

1.4-g and 10-g 

monofilament, 

vibration 

threshold, 

peroneal motor 

NCV

Nerve impairments detected in 55% of participants, 

30% developed mobility disability.  Light monofilament 

insensitivity was associated with disability (HR=1.19, 

95% CI 1.00-1.40) although NS when adjusted for 

diabetes. Monofilament insensitivity was 45.5% and 

8.4% for 1.4-g and 10-g, respectively.

Evans et al., 2011 75.0 ± 8.3

Peroneal motor 

NCV

Worse NCV scores related to lower SF-36 (38.8, 50.2, 

53.9, 52.2, p for trend=0.003) and lower WIQ scores 

(29.0, 37.4, 35.4, 41.0, p for trend=0.003)

Buchman et al., 

2009

81.8 ± 7.7

Vibration 

threshold

linear regression models adjusted for age, sex and 

education vibration threshold was associated with 

composite mobility (Estimate 0.047, SE=0.011, P<.001)

Strotmeyer et al., 

2008

Men w/Diabetes 

76.8 ± 2.7; Men 

w/o Diabetes 

76.7  ± 2.9; 

Women w/ 

diabetes 76.1 ± 

2.8; Women w/o 

Diabetes 76.5 ± 

2.9

1.4-g and 10-g 

monofilament, 

vibration 

threshold

10-g and 4-g monofilament insensitivity differed 

between diabetic and non-diabetic men (10-g: 19.2 vs 

10.4, p<.001, 1.4-g: 61.9 vs 50.4, p<.001) but was NS for 

women (10-g: 6.7 vs 5.6 1.4g: 44.0 vs 38.1).   

Ferrucci et al., 

2004

All ≥65 (no mean 

±SD provided)

2-g and 4-g 

monofilament, 

vibration 

threshold

Adjusted for sex and age, inability to detect 2-g and 4-g 

monofilament was associated with slower walking 

speeds and inability to walk 1 km. Vibration tests NS

Resnick et al., 

2000

All ≥65 (no mean 

±SD provided)

Vibration 

threshold

PN impairment was related to poor balance for mild 

(OR(95% CI)) 2.21(1.36-3.60), moderate 1.95 (1.07-3.55), 

and severe 3.02(1.65-5.51) nerve impairment 

NCV = nerve conduction velocity; Health ABC = Health Aging and Body Composition; OA = Osteoarthritis; WHAS = Women's Health and Aging Study; 

PAD = peripheral artherial disease; WALCS = Health and Care Research Wales

629 older adults without 

dementia in residential facilities 

from the RUSH Memory and 

Aging Project, USA

462 patients with PAD from 

WALCS and WALCS II, USA

983 community dwelling older 

adults from InCHIANTI study, 

Italy

2,148 black and white community 

dwelling older adults with no 

mobility disability at the first 

nerve exam form Health ABC 

study, USA

Population

894 disabled community-

dwelling older women from 

WHAS, USA

Summary of Studies on PN Function and Mobility-Related Outcomes

818 community-dwelling older 

adults with no history of 

neurological disease from the 

InCHIANTI study, Italy

2,364 community-dwelling white 

and black elderly with and 

without diabetes (ages 70-79) at 

baseline

40 older adults with 

moderate/severe knee OA from 

Chicago, IL, USA

2,399 community-dwelling white 

and black older adults, USA
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