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Abstract 

Title of Dissertation: Effects of Limb Length Discrepancy on Functional and Health-

Related Outcomes in Hip Fracture Patients 

Rasheeda Jameeka Johnson, Doctor of Philosophy, 2016 

Dissertation Directed by: Denise L. Orwig, Ph.D., Associate Professor 

                   Department of Epidemiology and Public Health 

Background: Limb length discrepancy (LLD), a common complication following hip 

fracture, is present when paired lower extremities are of unequal lengths. LLD 

consequences include chronic low-back pain, standing imbalance, nerve palsy and gait 

abnormalities. There is a paucity of LLD studies in older adults and no study to date has 

investigated LLD in hip fracture patients, a large population of older adults experiencing 

late life disability and decline in functional mobility. Objectives: Specific aims of this 

study were to: (1) Determine the reproducibility, validity and repeatability of Dual 

Energy X-ray Absorptiometry-Linear Pixel Count (DXA-LPC) method to measure limb 

length and assess for LLD  in hip fracture patients, using mixed effects regression 

modeling; (2) Determine the prevalence and changes in LLD over the 12-months post 

fracture using general linear modeling;  and (3) Determine the association between LLD 

severity and functional and health-related outcomes during 12-months post fracture using 

general linear modeling. Methods: Data come from the Baltimore Hip Studies 4th cohort 

(BHS-4; 1998-2004), a study of 180 community-dwelling women age 65+ with incident 

hip fractures enrolled in a RCT of an in-home exercise intervention. Three expert 

assessors and study PI measured limb lengths from whole-body DXA images 

electronically stored from BHS-4 at baseline and 2, 6, and 12 months post-fracture. 



   
 
 

Functional and health-related outcomes included the Lower Extremity Gain Scale 

(LEGS), Yale Physical Activity Scale (YPAS), mobility score, number of falls, and hip 

and general pain and assessed at each follow-up time-point. Results: Reproducibility of 

DXA-LPC was moderate, while validity and repeatability were both excellent. Majority 

(~75%) of participants experienced LLD; findings were consistent across all study time-

points. Mean absolute LLD did not statistically change over time (mean=14.7mm). 

Adjusted results indicate a significant adverse relationship between LLD severity and 

number of falls (p=0.006) with nonsignificant adverse relationships with other functional 

outcomes. Conclusions: LLD severity contributes significantly to falls during the year 

following a hip fracture. Findings also indicate clinically meaningful differences in 

functional outcomes between LLD groups. Interventional studies should investigate shoe 

lift therapy efficacy and other post-operative mechanisms to minimize the impact of LLD 

on post-fracture functional recovery.
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Chapter 1 Introduction 

I. Background 

In the United States, the population of adults aged 65 and older is projected to more 

than double between 2012 and 2060, from 43.1 million to 92.0 million
1
. This increase in 

population will represent 20 percent of the national population by the end of the period, 

up from 14 percent today
1
.  Even more dramatic is the projected increase  in population 

for adults aged 85 years and older, which is expected to reach 4.3 percent, tripling from 

5.9 million to 18.2 million 
1
.  The projected increases in the elderly population will likely 

lead to an increasingly chronically ill and frail population at an increased risk of falls and 

subsequent osteoporotic fracture 
2
. Consequently major demands will be placed on the 

U.S. healthcare system in order to address healthcare needs of the older adult population.  

Osteoporotic fractures are a major health problem for the older adult population. 

They lead to diminished health and quality of life, disability and death 
3,4

. Each year in 

the U.S. there are more than 450,000 hospitalizations, 2.5 million physician visits and 

180,000 nursing home stays reported as a result of an osteoporotic fracture 
4,5

. In 2005, 

the estimated national annual direct medical care expenditures (hospital, nursing homes 

and outpatient services) for osteoporotic fracture treatment totaled $17 billion 
2
. As the 

most common osteoporotic fracture type, hip fractures account for 72% of those 

expenses. As the older adult population increases, so too will the number and societal 

burden of hip fractures. 
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II. Hip fracture 

Among all common osteoporotic fractures, hip fractures pose the greatest threat to 

the health, mobility and independence of older adults 
6
. They are the most severe 

osteoporotic fracture and result in the highest morbidity, mortality, and burden to the U.S. 

healthcare system 
7,8

. During 2010, approximately 300,000 adults 65 and older were 

hospitalized for hip fractures, costing the U.S. health care system between $13.7 billion 

and $20 billion 
2,6

. Hip fractures are consistently associated with functional decline, 

chronic pain, depression
9
, cognitive and mood disorders

10
, disability, loss of 

independence, admission to a nursing home facility and death
11-14

. Within one year of the 

fracture event between 16% and 32% of patients die 
15

. After one year, 50% of hip 

fracture survivors need assistance with walking and 90% need assistance climbing stairs 

15,16
.  Among those who were community dwellers prior to the fracture, 20% require 

long-term placement in a nursing facility
17

. Despite advances in surgical procedures, 

post-operative care, and long term rehabilitation, hip fractures rank in the top ten of all 

impairments worldwide in terms of disability and functional decline 
17

 due largely to the 

patients inability to regain pre-fracture functional ability. Patients often require 

subsequent hospitalization and outpatient care for post-operative complications
4
. Such 

complications may include chest infections, pressure ulcers, venous thromboembolism 

and pneumonia
4
. One important and understudied complication is limb length 

discrepancy (LLD) 
18-21

.  

III. LLD 

Limb length discrepancy is present when paired lower extremities are of unequal 

lengths, causing rotation of pelvic bones in the sagittal and/or frontal planes, often 
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altering gait symmetry and joint mechanics during weight bearing
22

. In hip fracture 

patients, LLD is the result of either lengthening or shortening of the patient’s limb on the 

operative side due to the surgical procedure and/or poor bone quality, poor physiology, 

and shortening of the fracture site 
21,23

. When present in healthy individuals, minor LLD 

can cause pain, paresthesia and gait instability
24-27

. These consequences become more 

severe with increasing magnitudes of discrepancy 
18,28

.  Various studies indicate that 

adverse effects for LLD greater than 10 mm include chronic low-back pain 
29

, 

osteoarthritis of the hip and knee
30

, stress fractures 
31

, aseptic loosening of hip 

prostheses
32

, unstable standing balance 
33

, forces transmitted from the hip 
34

, nerve palsy 

27
 and gait abnormalities 

28
. Results of artificially induced LLD (using shoe lifts) in older 

adults indicate LLD also significantly affects oxygen consumption, perceived exertion, 

minute ventilation heart rate, quadriceps activity and plantar flexor activity 
28

.   

To date, LLD studies in older adults present little agreement on LLD prevalence, 

significance thresholds of LLD, and neglect to establish a consensus of how LLD affects 

functional and health-related outcomes 
22,26,27

. Additionally, these studies present major 

methodological variations and are limited to studies with either small sample sizes, are 

conducted using artificially induced LLD, or are conducted in patients with elective hip 

replacement surgery 
26,28

. In contrast to elective hip replacement patients, hip fracture 

patients suffer from additional factors which may make the effects of LLD more severe 

and influence post-surgical health outcomes. Such factors include older age, condition of 

the fractured osteoporotic bone, impact of the traumatic and sudden fracture event, and 

poorer health status 
35

. 
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It is known that LLD causes significant functional limitations and that LLD is a 

common complication following hip fracture surgical procedures. It is also known that 

hip fracture patients experience significant functional decline following the fracture. 

What is not known, however, is the prevalence of LLD following a hip fracture and if 

LLD is associated with functional recovery and health-related outcomes during the year 

following a hip fracture. 

To our knowledge, no study to date has investigated LLD in hip fracture patients, a 

large population of older adults experiencing late life disability and tremendous decline in 

functional mobility. Additionally, no study has measured the prevalence of LLD in this 

population nor determined the change in LLD one year post hip fracture. Furthermore, no 

study has described functional recovery outcomes as defined by physical performance, 

physical activity, pain, falls and mobility in hip fracture patients with and without LLD. 

The present study addresses these research gaps. 

IV. Objective, Specific Aims & Hypotheses 

The primary objective of this study was to investigate if LLD was associated with 

recovery outcomes following a hip fracture. This was achieved by assessing for LLD, 

determining its prevalence and its association with functional recovery and health-related 

outcomes (physical performance, physical activity, pain, falls and mobility (gait and 

balance)) during the year post hip fracture.  This research was conducted in a group of 

female hip fracture patients (n=180), 65 years and older from the 4th cohort of the 

Baltimore Hip Studies (BHS-4), a randomized controlled trial which enrolled  

community-dwelling patients within 15 days of the hip fracture who had undergone 
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surgical repair of a non-pathologic fracture. Data were collected on these patients 

baseline, 2, 6, 12 months post hospital admission. The specific aims are as follows: 

Aim 1: 

To determine the reproducibility, validity and repeatability of Dual Energy X-ray 

Absorptiometry-Linear Pixel Count (DXA-LPC) method to measure limb length in hip 

fracture patients 

 

Aim 2: 

To describe the distribution of varying degrees of LLD in a cohort of community-

dwelling older adult female hip fracture patients aged 65 and older. 

 

Aim 2a: To determine the prevalence of LLD and the change in LLD at all times 

points over the year after the hip fracture. 

 

Aim 3:  

To describe the trajectory of functional recovery and health-related outcomes (physical 

performance, physical activity, pain, mobility (gait and balance) and falls) in hip fracture 

participants with varying degrees of  LLD during the 12 months following a hip fracture. 

 

Aim 3a: 

To determine the effect of degree of LLD on lower extremity performance as 

measured by the Lower Extremity Gain Scale (LEGS) 

Hypothesis 3a: 

Participants with greater degree of LLD will have more limitations with physical 

performance tasks 
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Aim 3b:  

To determine the effect of degree of LLD on physical activity as measured by the 

YALE Physical Activity Survey (YPAS) 

Hypothesis 3b: 

Participants with greater degree of LLD will be less physically active  

 

Aim 3c: 

To determine the effect of degree of LLD on mobility (gait and balance) 

Hypothesis 3c: 

Participants with greater degree of LLD will have more limitations with mobility  

 

Aim 3d: 

To determine the effect of degree of LLD on pain  

Hypothesis 3d: 

Participants with greater degree of LLD will experience more pain 

 

Aim 3e: 

To determine the effect of degree of LLD on falls 

Hypothesis 3e: 

Participants with greater degree of LLD will experience more falls 

 

V. Contribution of research  

This research aimed to determine the relationship between LLD and functional 

recovery and health-related outcomes in hip fracture patients.  It was hypothesized that 
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LLD is negatively associated with functional recovery and health-related outcomes. Thus, 

LLD in older persons following a hip fracture could be a barrier which may interfere with 

improving post-fracture recovery. Findings from this study have tremendous potential for 

determining the scope of this problem by providing evidence of the relationship between 

LLD and recovery outcomes in hip fracture patients. Additionally, this research will 

generate hypotheses for future studies that will investigate which magnitudes of LLD 

most impact function and mobility post hip fracture.  

VI. Organization of dissertation 

The dissertation consists of seven chapters. Chapter 1 provided a concise summary of 

background literature relevant to this study along with statements of the study problem, 

significance, objectives and hypotheses.  

Chapter 2 provides a comprehensive review of hip fracture and LLD literature and the 

intersection of the two. The first half provides a detailed discussion of hip fractures; 

presents the epidemiology, major risk factors, consequences, fracture types, surgical 

repairs and common surgical complications. The second half presents a review of LLD 

literature; discusses major terms and classifications, measurement techniques, prevalence 

studies and consequence studies. A case is made that LLD following hip fracture is 

understudied and a possible mechanism thought to be related to or may potentially limit 

recovery in ambulatory ability following a hip fracture. Thus there is a need for 

additional research evidence determining the prevalence of LLD in hip fractures patients 

and determining the association between LLD and functional recovery and health-related 

outcomes in hip fracture patients. 
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Chapter 3 describes the study research design and methods. It presents a description 

of the parent study which is the 4
th

 cohort of the Baltimore Hip Studies, a randomized 

controlled trial study of community-dwelling hip fracture patients. A substantial portion 

of this chapter describes the measurement of LLD which required an independent 

adjudication panel of experts to measure limb lengths from whole body Dual-

Absorptiometry Energy X-ray scans (DXA) using the Linear Pixel Count measurement 

technique. This chapter also provides the power analysis and describes analytic samples, 

variables of interest and statistical analyses for each aim.  

Chapters 4-6 present the results and discussion of each specific aim. Chapter 4 

determines the reproducibility, validity and repeatability of the unique DXA Linear Pixel 

Count measurement technique used to measure limb lengths from Hologic whole-body 

DXA scans. Chapter 5 describes the distribution and prevalence of LLD in the cohort of 

community-dwelling older adult female hip fracture patients. In addition Chapter 5 

explores the relationship between LLD and time during the year post hip fracture. 

Chapter 6 determines the relationship between LLD and functional recovery and health-

related outcomes (physical performance, physical activity, mobility, falls and pain) in hip 

fracture participants 12 months following the hip fracture.  

Chapter 7 presents a unified discussion of the study dissertation along with study 

limitations, study strengths and a presentation of the study implications.   
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Chapter 2 Literature Review 

I. Epidemiology of hip fractures 

Hip fracture is a significant public health issue due to its prevalence, socioeconomic 

costs, and health consequences 
16,36

. It ranks among the top ten “impairments worldwide 

in terms of loss in disability-adjusted years for people 50 years and older 
17

.” Worldwide 

annual incidence of hip fracture is 1.7 million and is expected to surpass 6 million by 

2050 
37

. In 2010, there were approximately 258,000 adults 65 and older hospitalized in 

the U.S. for hip fractures 
6
,with estimated cost of treatment approximately 10.3 to15.2 

billion dollars
6
.This number is expected to dramatically increase to over 650,000 by 2040 

16
  and 774,000 by 2050 largely due to increased life spans and an aging baby boomer 

population 
6,17

. 

Hip fracture incidence increases rapidly with age in women (average age for women: 

83 years) and men (average age for men:84) 
38

, however, the rate and absolute number of 

hip fractures is higher in women who experience 70-75% of all fracture 
6
.  Based on 

average lifespan of 80 years, in the US, 10% of women and 6 % of men will experience a 

hip fracture during their lifetime
39

. Among those who reach age 85, approximately 19% 

of women and 12% of men, will experience a fracture. Of those who reach 90 years of 

age, 30% of women and 20 % of men will sustain a hip fracture 
39

. These estimates vary 

by race. In the U.S. the lifetime risk of experiencing a hip fracture for a 50-year-old 

Caucasian women and men is 17% and 6%, respectively
36

. For African American women 

and men the estimates are 6% and 3%, respectively
36

. 
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II. Risk factors of hip fractures 

The primary risk factor for hip fractures in older adults is osteoporosis, a skeletal 

disease characterized by low bone density and deteriorating bone tissue which 

consequently causes bone fragility and increased susceptibility to hip fractures 
5
. 

Osteoporosis is experienced by 44 million Americans or 55 %of Americans 50 years of 

age and older 
40

. Eighty percent of those affected by osteoporosis are women, which 

places women at an increased risk of sustaining a hip fracture
40

. Falls are another major 

risk factor for hip fractures among the elderly. More than 95% of hip fractures are the 

result of a fall from the standing position 
36,37

. Approximately 30 % to 60 %of 

community-dwelling older adults fall annually 
37

. Additional risk factors for hip fracture 

have been extensively studied including being Caucasian, having low bone mass, a 

history of fracture in a primary relative, having a thin body frame, estrogen deficiency as 

a result of menopause, family history of osteoporosis, inactive lifestyle, long-term use of 

certain medications (corticosteroids, chemotherapy, anticonvulsants, etc.), smoking, and 

excessive alcohol use 
36,41-44

.  

III. Consequences and outcomes 

Hip fractures are a major threat to the health, mobility, and independence of the older 

adult population
6
. Detrimental consequences and outcomes of hip fractures include 

mortality 
6,7,45

, functional decline
13,14,16

, subsequent fracture 
36

, and poor quality of life 

17,36,46
.  

a. Mortality 

Hip fractures are associated with excess mortality 
6
. Within the year following the 

fracture approximately 18-33 % of hip fracture patients die 
16

. Although much of the 
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mortality is related to the underlying medical condition which predates the fracture, the 

hip fracture increases the likelihood of death from the pre-existing conditions 
17,36

. Men 

sustain 25%-30% of all hip fractures, yet are two times (odds ratio, 2.28; 95% CI, 1.47, 

3.54 and odds ratio, 2.21; 95% CI, 1.48, 3.31) as likely to die from a fracture compared to 

women; this difference persists for at least two years following the fracture 
16,36,47

. Sex 

differences in mortality rates are largely explained by infections (pneumonia, influenza, 

and septicemia) 
36

. Haentjens et al. determined the magnitude and duration of excess 

mortality after hip fracture in women (22 cohorts) and men (17 cohorts) 
45

. Time-to-event 

meta-analysis indicated that in the three months following a hip fracture, the relative 

hazard for all-cause mortality was 5.75 in women and 7.95 in men.  Similar to other 

mortality studies, the hazard decreased over time but never returned to the rates of age- 

and sex- matched control groups 
45

.  

b. Functional recovery 

The ability to move throughout one’s environment and perform everyday physical 

functioning activities such as bathing, dressing, climbing stairs, etc. are often disrupted 

after a hip fracture due to reduced mobility 
13,48

 . Balance and gait, the components of 

mobility are necessary in order to achieve optimal functional recovery following a hip 

fracture. Studies of mobility in hip fracture patients, 2 months post fracture, demonstrated 

an association between reduced mobility and mortality 
13

.Hip fracture survivors continue 

to experience significant reductions in mobility and functional independence the year 

following the fracture. An estimated 45% of community-dwelling hip fracture patients 

are discharged to nursing facilities after hospitalization and 15-25% of hip fracture 

patients remain at the facility a year after the fracture 
12,14

. A number of studies 
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determined that one year following the fracture, 25%-75% of hip fractures patients who 

were independent prior to the fracture were neither able to walk independently nor able to 

achieve previous levels of independence 
12,14,49-51

. Jette et al. found that one year post hip 

fracture, only 33 % of patients were able to perform basic activities of daily living, 20% 

were able to perform instrumental activities of daily living and 26% recovered social/ 

role functions, as they were able to perform prior to the fracture 
36,50

. Magaziner et al. 

described trajectories of recovery in eight areas of function (i.e., upper- and lower- 

extremity physical and instrumental activities of daily living; gait and balance; social, 

cognitive, and affective function) during a 2-year follow-up in community-dwelling hip 

fracture patients 
14,36

. Results indicated that one year post fracture more than 50 % of hip 

fracture patients who were independent prior to the fracture needed assistance with 5 of 

11 lower extremity activities of daily living and two of seven instrumental activities of 

daily living 
14

. Patients needed most assistance with lower extremity activities such as 

climbing stairs, getting in and out of the bath or shower, walking a block and getting on 

and off the toilet
14

. In general, the study concluded that functional disability following a 

hip fracture is significant and demands further research attention. These findings 

supported previous studies which reported increased levels of disability in physical and 

instrumental activities 
12,14

, cognitive and affective areas and in 
12,13,36,52

 areas of 

function
12,50

.  

Studies of mobility in hip fracture patients, 2 months post fracture, demonstrated an 

association between reduced mobility and mortality 
13

. . In a prospective study of hip 

fracture recovery, Fox et al. determined the predictive value of a balance and gait test on 

mortality, 2-months post fracture among patients 65 years and older (n=306) 
13

 . Adjusted 
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results indicated that poor performance on the balance tasks increased risk of mortality by 

17% (p=.05) and poor overall mobility (balance and gait tasks) increased mortality risk 

by 10% (p=.05). Specific mobility tasks of unsteady balance during immediate standing, 

turning, sitting down, and rising from a chair was associated with increased mortality 
13

. 

c. Falls  

Fall-related injuries cause mortality, severe trauma, and disability among adults 65 

and older 
6
. Falls are the leading cause of hip fractures in old age 

53
. Common risk factors 

for experiencing a fall include having low bone mineral density, osteoporosis, suffering 

from comorbid conditions and experiencing functional disability. During the year 

following a hip fracture patients experience many of these risk factors— bone turnover 

increases, bone mineral density decreases 4.6% -7%, lean body mass decreases 5%-6%, 

and fat mass increases 4%-11% 
36

. These hip fracture consequences contribute to an 

increased risk of a fall and subsequent fractures.  

Research suggest that 17-53% of older adults who sustain a hip fracture experience 

another fall in the 6 months post fracture
54,55

.  Experiencing a second fall may result in a 

second fracture or fall-related injury and there is a stark relationship between a second 

hip fracture and poor health outcomes
56

. Women who experience a second hip fracture, 

have a 54% increase hazard of death compared to those without a second fracture 

(HR = 1.54, 95 % CI 1.46-1.63)
55

. Falling after a hip fracture was also studied in hip 

fracture patients in a post-fracture rehabilitation program. Nearly 12% of the patients 

experienced a fall during the rehabilitation program 
53

. Pils et al. determined that 

increasing age, male gender, surgical type, use of a walker and nocturnal urinary 

incontinence increased the risk of falling in the rehabilitation program setting 
53

.  
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Secondary fracture risks were investigated in a population-based study of adults 85 

years and older. The study found that a first hip fracture is associated with 2.5-fold 

increase risk of a subsequent fracture. Risk of subsequent hip fracture is 10.3% within 3 

years 
36,57

  and 14.8% within 4 years   of the first fracture
58

. Among Medicare and 

Medicaid beneficiaries 65 years and older, 51% and 75% of second hip fractures occurred 

within 6 months and one year, respectively, of the first fracture 
36,57

. Reported annual 

second hip fracture rates were 15 per 1,000 in men and 22 per 1,000 in women, compared 

with first fracture rates of 1.6 per 1,000 and 3.6 per 1,000 for men and women, 

respectively 
59

. 

d. Pain 

Following hip fracture surgery, 35%-100% of patients experience varying degrees of 

pain ranging from moderate to severe intensity 
60

. The pain may have unfavorable 

immediate and long-term physiological and psychological influences on an aging body. 

Hall-Lord et al. investigated experiences of physical pain in hip fracture patients 70 years 

and older (n=49) from personal interviews and observations using structured 

questionnaires and observation formats.  The study determined how various factors 

(confusion, experiences of pain, distress, and interventions aimed at reducing pain and 

distress) differed among hip fractures patients with intense physical pain and patients 

with less intense pain. Results indicated that those with more intense pain experienced 

more health problems and expressed more unfavorable experiences in sensory, emotional 

and existential dimensions 
61

. A similar study by Morrison et al. examined the impact of 

post-operative pain on immediate and 6-month post-operative outcomes following a hip 

fracture in older adults (n=411) 
62

. Results indicated that patients with higher pain scores 
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at rest experienced significantly longer hospital lengths of stay (p=0.03), were more 

likely to have more physical therapy sessions missed or shortened (p=0.002), were less 

likely to be ambulate by post-operative day 3 (p<0.001), took longer to ambulate past a 

bedside chair (p=0.01) and had lower locomotion scores at 6 months (p=0.02) 
62

. 

IV. Hip fractures types and surgical repairs 

There are three major types of hip fractures, depending on the location of the fracture: 

femoral neck, intertrochanteric, and subtrochanteric fractures (Figure 2.1).  

                                                                                

Figure 2.1 Hip fracture types 

a. Femoral neck 

Fracture of the femoral neck is the most common location for a hip fracture. The 

femoral neck is the region of the femur that is bounded by the femoral head proximally 

and the greater and lesser trochanters distally and is therefore mostly intra-capsular or 

Femoral neck 

Subtrochanteric 

Intertrochanteric 
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within the hip joint and beneath the fibrous joint capsule 
17,63

. These fractures account for 

45%-53% of all hip fractures.  

b. Intertrochanteric fractures 

An intertrochanteric fracture is the second most common fracture. This fracture is 

extra-capsular and occurs between the greater and lesser trochanter 
17,63

. Intertrochanteric 

fractures occur in approximately 38%-50% of all hip fractures 
17,63

.  

c. Subtrochanteric fractures  

Subtrochanteric fractures are the least common hip fractures. These fractures occur 

between the lesser trochanter and the femoral isthmus, in the proximal region of the 

femoral shaft 
17,63

. This type of fracture accounts for 5%-15% of all hip fractures
63

. 

d. Types of surgical repairs 

The goal of hip fracture treatment is to attempt to return patients to their pre-fracture 

level of function.  For the majority of patients, this is accomplished with surgery and 

early mobilization. The type of surgical repair is largely determined by fracture 

characteristics (location of fracture, musculoskeletal quality, and displacement), an initial 

comprehensive medical evaluation of the patient (considering age, pre-fracture 

functioning, and post-operative rehabilitation plan) and the surgeon’s level of 

expertise
17,64

.  

A hip fracture is described as non-displaced or displaced. Each category requires 

different surgical repair options (Figure 2.2). Non-displaced or minimally displaced 

fractures usually are treated with internal fixation, which is a metal implant that directly 

anchors the fractured bony segments
65

.  For more severe and displaced fractures, hip 
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arthroplasty, either total- or hemi- must occur. To minimize the occurrence of nonunion 

and osteonecrosis in displaced fractures, arthroplasty is often preferred in elderly patients 

63,65
. The arthroplasty procedure replaces a portion (hemi-arthroplasty) of the fractured 

joint or the entire joint with an artificial implant to restore the function of the joint.   

Figure 2.2 Hip fracture surgical repairs (image courtesy of http://advancedortho.net) 

 

 

 

i. Femoral neck fracture  

Stable or non-displaced femoral neck fractures present no deformities and are 

often hard to detect on plain radiographs. Non- or minimally- displaced femoral neck 

fractures are stabilized by either internal fixation with screw fixation, sliding plate and 

hip screw or intramedullary hip screw 
63,65

. 
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Displaced femoral neck fractures are repaired by arthroplasty in the elderly 

population. A hemi-arthroplasty procedure replaces the femoral head while a total-hip 

arthroplasty replaces the entire hip joint 
65

. There are two types of hemi-arthroplasty 

procedures, unipolar and bipolar. With a unipolar hemi-arthroplasty procedure, a one-

piece  prosthetic femoral head ‘ball’ is placed onto  a ‘stem’ or metallic implant that is 

inserted into the femur. A bipolar hemi-arthroplasty attempts to reduce wear-and-tear to 

the natural hip joint by using a smaller femoral head inside a second larger ball which 

mimics the artificial femoral head Additionally, a stem is anchored in the proximal femur 

and has a metal ball on the top to replace the function of the femoral head 
17,64

.   

In a total hip arthroplasty (THA) procedure, a prosthetic femoral head is attached 

to a metal implant which is inserted into the femur. Unlike a hemi-arthroplasty procedure, 

a total arthroplasty replaces both the ‘socket’ or acetabulum and ‘ball’ or femur of the hip 

joint. 

ii. Intertrochanteric fracture 

Non-displaced and displaced intertrochanteric fractures can be stabilized by 

internal fixation with a plate that is screwed onto a femoral shaft and sliding hip screw 

placed across the fracture site or an intramedullary hip screw. The intramedullary hip 

screw combines a sliding screw across the fracture site with an intramedullary nail 

inserted into the femur. The nail acts as a metal buttress to minimize sliding and achieve 

optimal fixation 
63

. 
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iii. Subtrochanteric fractures 

Subtrochanteric fractures are more difficult to stabilize 
63

. Therefore, subtrochanteric 

fractures are usually stabilized with an intramedullary rod with fixation into the femoral 

head. 

V. Surgical complications 

Literature is replete with research describing various complications following surgical 

stabilization of a hip fracture 
7,19,20,57,64,66-68

. Complications include death, cardiac and 

pulmonary conditions, infections, pneumonia and hip deformities 
66,67

. These 

complications have profound impact on recovery outcomes 
69

. Although supported as 

another common complication following surgical repair of the hip, insufficient attention 

has been given to LLD, which is when paired lower extremities are of unequal lengths 

20,22,27,70,71
. In hip fracture patients, LLD is the result of either lengthening or shortening 

of the patient’s limb on the operative side due to the surgical procedure and technique, 

loss of fixation and/or compression at the fracture site 
21,23

. Studies investigating the 

effects of LLD in a variety of populations indicate that LLD causes rotation of the pelvic 

bones in the sagittal and/or frontal planes, often altering gait symmetry and joint 

mechanics during weight bearing 
22

.  

While the majority of studies investigating the effects of LLD were conducted in 

patients whom undergo elective total hip arthroplasty, the second half of this review 

builds a case that LLD may adversely affect post-operative functional recovery in hip 

fracture patients—some of whom receive total-arthroplasty, hemi-arthroplasty or internal 

fixation procedures.  
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VI. Limb length discrepancy 

a. Terminology 

Over the past several decades, differences in limb and leg lengths have been 

extensively studied. In these studies, many terms have been used inconsistently in the 

literature to refer to inequality of the lower limbs 
26

. Leg length discrepancy, leg length 

inequality, limb length inequality are a few examples of terms that are used to refer to the 

same group of conditions 
25-27,34,72

. For the purpose of this study, the term limb length 

discrepancy (LLD) will be used because the term most appropriately describes 

asymmetry of the entire lower extremity. From an anatomic standpoint, limb, rather than 

the term leg is preferred because leg technically refers to the region of the body between 

the knee joint and the ankle mortise and this analysis is interested in the entire limb; from 

the head of the femur to the ankle mortise 
73

. 

b. Classification of LLD 

Two widely accepted types of LLD are supported in literature: functional LLD and 

anatomical LLD
18,23,26,28,74

. Functional, or apparent, LLD refers to “unilateral asymmetry 

of the lower extremity without concomitant shortening [or lengthening] of the osseous 

components of the lower limb 
25,26

”. The functional inequality can result from muscle or 

joint tightness and/or weakness in any portion of the lower extremity
18,26

. Common 

sources of functional LLD include excessive asymmetric pronation or supination of one 

foot, knee hyperextension, hip abduction/adduction, pelvic obliquity and scoliosis 
18,26

.  

Anatomical or structural LLD refers to inequalities in the bony structure of the limb. 

These inequalities, likely acquired or congenital are present when there is physical 

shortening or lengthening of a unilateral lower limb between the femoral head and the 
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ankle mortise
18,26

.Common congenital causes of anatomical LLD include idiopathic 

developmental abnormalities and congenital hip dislocation
18,25,26,72

. Common causes of 

acquired anatomical LLD may include paralysis, tumor, and the focus of this dissertation, 

surgical repair or replacement of the hip using prosthesis. 

VII. Measurement of LLD 

A few reliable and valid methods of LLD measurement have been shown to be 

consistent throughout various studies. These methods generally require a clinical 

assessment or radiography. 

a. Clinical assessment 

Radiographic measurement techniques are accepted as the most accurate and reliable 

option for measuring and assessing LLD, however, these techniques can be costly, time- 

consuming and often expose patients to varying levels of radiation
26,74-76

. Clinical 

examination methods of LLD measurement allow for direct and indirect measurement 

options which bypass some radiographic measurement limitations. 

i. Direct   

The tape measure method, conducted on patients in the supine position allows the 

lower limbs to be measured between two fixed landmarks. These landmarks are 

commonly the distance between (1) the anterior superior iliac spine and the lateral 

malleolus or (2) the anterior superior iliac spine and the medial malleolus
18,26,74

.   

ii. Indirect 

An indirect method of measuring LLD, conducted on patients in the standing 

position, involves an examiner assessing for levelness while palpating bony landmarks, 
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most commonly the iliac crest or the anterior superior iliac spines. Often an object with 

known thickness is placed under the shorter limb of the patient and the bony landmarks 

are assessed for levelness
18,26,74

.  

b. Radiography 

The most highly used measurement tool to for determine LLD in patients is a 

radiographic technique. These techniques are often used as a reference for which clinical 

assessment techniques are compared and involve measuring bone structures on an 

electronic image 
18,26,74,75

. The most common radiographic measurement techniques are 

teleroentgenography, orthoroentgenography and scanography. 

i. Teleroentgenogram 

Using a single exposure of a standing patient, a teleroentgenogram captures an image 

of the entire lower extremities on a single long film and an X-ray (source-to-image 

distance of approximately 2 meters). In the center of the film cassette, a ruler acts as a 

magnification marker and measurement aid. An advantage of using teleroentgenography 

is the ability to identify LLD on one film. Limitations of this technique are magnification 

error and accuracy concerns in patients with hip or knee flexion contracture
18

. This 

technique is ideal for young patients but not practical for adults, specifically the hip 

fracture population due to the requirement to stand immediately following hip fracture 

surgery, and the sheer size of the film required and beam distortion in relation to the 

source-to-image distance 
26

.  
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ii. Orthoroentgenography 

This radiographic technique prevents magnification error experienced when using 

teleroentgenogram by requiring a single exposure of the hip, knee, and ankles on one 

long film. Similar to teleroentgenogram, a ruler is placed on the film to assist 

measurement.  Although this technique only requires one exposure, one limitation of this 

technique is that it is subject to error in patients with fixed joint contractures. Also 

movement of the patients can introduce error in the readings
18,75,76

.  

iii. Scanography 

Following similar procedures used with orthoroentgenography, scanography uses 

three exposures, one for the hip, the knee and the ankle. This technique has similar 

benefits as the orthoroentgenogram but is timely, costly and more hazardous due to the 

three radiation exposures
18

. 

iv. Other methods 

Computer tomography (CT), three-dimensional ultrasonography, and magnetic 

resonance imaging (MRI) have also been used to determine limb lengths.  The computer 

tomogram method reduces radiation hazards due to exposure; however this method is 

more costly and has not shown to be more accurate than other forms of radiography
26

. 

Three-dimensional ultrasound is an accurate technique for measuring limb lengths 

without requiring ionizing radiation but this technique has not shown to be more reliable 

than computer tomography
26

. Lastly MRI poses no exposure to radiation risk but has not 

shown to be more accurate when compared to computer tomography and ultrasound 

methods 
18,26,74

. 
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v. Densitometry 

Dual-energy x-ray absorptiometry (DXA) has been used for decades to measure bone 

mineral density and soft tissue composition for the evaluation of osteoporosis and 

osteoporotic fracture risk in older adults 
77,78

. In addition to determining bone mineral 

density (BMD) and measures of body composition (e.g. lean and fat mass), bone length 

factors can also be extracted from DXA images (Figure 2.3). While in the supine 

position, low-dose x-rays of two energies pass over a patient’s body allowing DXA 

software to determine the average contrast in the designated skeletal regions placed on 

identified landmarks
78,79

. After excluding soft tissue absorption and other values below a 

predetermined threshold, pixels in the skeletal regions are averaged to provide the mean 

thickness of a layer of bone mineral
79

. Chinappen-Horsley et al. determined that skeletal 

lengths of the lower extremity can be accurately and precisely measured from whole-

body DXA scan images
80

. This is done using the ‘analysis’ tool feature in DXA system 

software. The feature allows the DXA technician to place polygonal regions of interest on 

the skeletal images and measure lengths of isolated bone and soft tissue areas of interest. 

The DXA-linear pixel count method (DXA-LPC) provides the number of vertical pixels 

in the region of interest thus giving the lengths (mm) of the bone
80

. This method 

correlated positively with X-ray measurements (r
2
 = 0.94) and clinical measures (r

2
= 

0.84)
80

. 
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Figure 2.3 Whole-body DXA image (image courtesy of http://www.utexas.edu/features/2007/fit/) 

 

VIII. Prevalence of LLD 

a. General population 

Limb length discrepancy is common and has an approximate prevalence of 23 % in 

the general population
81

. A large percentage of the general population has some 

differences in limb lengths; a small percentage has large magnitudes of discrepancy
26

.  

Perhaps the most challenging issue with the study of LLD in the literature is the 

inconsistent of prevalence rates. Ranging from low estimates of 4%-8%
25

  to high 

estimates of 90%-95%
82

 , prevalence values vary largely due to disagreement on what 

constitutes significant LLD. Freiberg et al. defined LLD as discrepancies of 5 mm or 

more 
83

, while Blustein et al. indicate that patients with discrepancies less than 11 mm 

can easily compensate for the discrepancy, thus suggesting LLD less than 11 mm is 

clinically insignificant
25

. A number of LLD studies present an array of prevalence rates 

across different populations, none of which are specifically older adults (Table 2.1). 
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Table 2.1 Prevalence rates for LLD based on definition determined by investigators 

Prevalence (%) LLD (mm) Comments 

4.0-8.0 12.5 Summary of previous estimates for normal population 

7.0 12.5 69 of 1007 participants  had a LLD of 12.5 mm or more 

7.2 10.0 18 of 247 participants  with a history of recurrent back pain 

7.7 10.0 38 of 495 participants with pain in spinal origin 

8.0 10.0 4 of 50 asymptomatic control subjects 

18.3 10.0 217 of 1186 patients with chronic low back pain 

21.9 10 27 of 123 patients with acute low back pain 

40.0 3.0 Athlete population 

50.0 5.0 50% of population with LLD 5 MM or more 

Reproduced with permission from Brady RJ, Dean JB, Skinner TM, Gross MT. Limb length inequality: Clinical implications for 

assessment and intervention. J Orthop Sports Phys Ther. 2003; 33(5):221-234. doi: 10.2519/jospt.2003.33.5.221 [doi] Copyright 

©Journal of Orthopaedic & Sports Physical Therapy®. 

Inconsistencies in prevalence studies are due to major methodological variations 

which include differences in study populations, LLD measurement techniques and LLD 

magnitudes that are determined to be clinically significant. For example Subotnick 

reported 40% prevalence of LLD (3 mm or more) in a population  of athletes based on 

anecdotal observation
84

, while Giles et al. reported 18.3% prevalence of LLD (10 mm or 

more) in patients with chronic low back pain, 21.9 % prevalence of LLD in patients with 

acute LBP and 8% prevalence in asymptomatic control subjects
29,84

. 

b. Elective THA population 

Using a  sample most comparable to hip fracture patients, Wylde et al. determined the 

prevalence of patient perceived limb length discrepancy in patients who underwent 

elective THA (n=1,114) 
23

. A postal audit survey was conducted on patients 5- 8 years 

after the THA. To assess for LLD, patients responded either yes or no to the following 
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questions: (1) Do you think your legs are the same length? (2) If yes, does the difference 

bother you? (3) Do you use a shoe raise? (4) Do you feel the operation was worthwhile? 

Anatomical LLD was then determined from radiographs of a random sample of 74 

patients who perceived LLD. 

Limb lengths were measured from the transischial line to the bottom of the lesser 

trochanter. Patients with discrepancies greater than or equal to 5 mm were defined as 

having LLD. Results of the postal audit survey indicated that 30% (329) of THA patients 

reported perceived differences in their limbs. Of those with perceived discrepancies, 49 

% (161) were bothered by the difference, 31% (101) used a shoe raise and 4% (13) 

thought the THA surgery was not worthwhile. Radiographic measurement results of 74 

patients who reported LLD indicated that only 27 (36%) patients who believed they had 

LLD, actually had a discrepancy greater than 5 mm. This study suggests that the 

perception of LLD was higher than actual anatomical discrepancy. This may be due to a 

number of factors including pelvic obliquity and alteration in proprioception around the 

hip.  

Beard et al. also assessed the prevalence of LLD in patients (n= 987) following 

elective THA
71

. Using a direct tape measure method, elective THA patients were 

measured in the supine position, from the anterior superior iliac spine to the medial 

malleolus of both limbs.  LLD was defined as having a limb discrepancy greater than or 

equal to 10 mm.  Nearly 20% (n=193) of the THA patients experienced a discrepancy of 

10 mm or more (LLD group). Of those with LLD, a subgroup of patients (n=55) 

experienced a greater degree of LLD of at least 20 mm. The mean LLD in patients with 

LLD less than 10mm (no LLD group) was 0.7mm (SD ±1.8), 14.9mm (SD±7.4) in 
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patients with LLD 10mm or more and 24.7 mm (SD± 2.1) in patients with LLD 20 mm 

or more
71

. Additionally, Konyes et al. assessed LLD and hip function in 90 elective THA 

patients before and after (3 months and 12 months) surgery 
21

. Following THA, 85 (94 

%) of patients experienced LLD; 56 (62%) experienced lengthening of the operated limb 

(mean of 9 mm) and 29 (32%) experienced shortening on the operated side (mean of-6.5 

mm) 
21

. 

Williamson and Reckling investigated LLD and related problems in 150 patients 

following THA (mean age 58.6 yrs.)
20

. Of the 150 patients, 144 (96%) experienced 

lengthened limbs (average 15.9 mm). To addresses gait pattern complaints, 40 (27%) 

patients required heel lifts on the un-operated side and partial sciatic nerve palsies 

occurred in 5 (3.3%) patients.
20

To date no studies have examined prevalence if LLD in 

hip fracture patients. 

IX. Consequences of LLD 

LLD has been associated with a variety of consequences including scoliosis, lower 

back pain, hip pain, arthritis of the spine, lower extremity stress fractures and 

osteoarthritis across a range of study populations, very few of which include older adults 

65 years and older 
18

.  These consequences can be divided into two major categories: (a) 

those related to musculoskeletal complications such as scoliosis and lower back pain, hip 

pain and nerve palsy, and (b) those related to functional limitations such as postural sway, 

balance and gait complications. 
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a. Musculoskeletal complications 

i. Scoliosis and lower back pain 

Perhaps the most researched conditions associated with LLD in the general 

population are scoliosis and lower back pain (LBP). In general, LBP describes any pain 

in the “lumbar spine, the lumbosacral junction, and the sacroiliac joint 
18

.” It is believed 

that LLD affects the spine by creating curvature in the lumbar region which leads to 

pelvic obliquity on the frontal plane and scoliosis. Although there are conflicting reports 

on which limb—the shorter or longer limb— causes lumbar convexity and pelvic tilt and 

eventually scoliosis, LLD studies indicate that greater magnitudes of LLD present more 

pronounced cases of scoliosis and LBP. A number of studies suggest the LBP may be 

corrected after shoe lift therapy. After completing a 4-month shoe lift therapy program, 

LBP patients (n=50; age range 19-61; mean age 40 yrs.) reported fewer working days 

lost, reduction of LBP symptoms, and increased range of motion
18,29

. Similarly, Friberg 

found that LBP patients (n=211) treated with shoe lifts reported no LBP symptoms after 

18 months of usage 
18,85

.  

Giles and Taylor investigated the effect of LLD correction on spinal alignment using 

radiographs taken before and after LLD corrective surgery
29

.Comparing three age 

groups— young (aged 19- 30 years old), middle-aged adults (aged 31-50 years old) and 

older aged adults (aged 50 years and older)—they found that in the young and the 

middle-aged groups, scoliosis was completely corrected or nearly immediately corrected 

when using board lifts and remained corrected after a 4-month shoe lift therapy
29

. 

However in the older group, spinal alignment was not achieved and the shoe lift therapy 

was not as affective in remedying scoliosis. These findings were supported by Gibson et 
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al. and Papaioannou et al. and might suggest that the age of LLD onset may be a 

determining factor when examining the association between LLD and scoliosis 
26,86,87

 . 

Although a number of researchers have investigated the relationship between LLD 

and LBP, results are not consistent. Perhaps one complicated issue with examining the 

association between LLD and LBP is that pain in the lower back may result from a 

combination of causes and it is very difficult to isolate the role of LLD. For instance, 

Giles and Taylor investigated the relationship between LLD and LBP from a pooled 

sample of five studies with radiographic measurements of LLD (n=1,806).  They found 

that 7% of participants with no history of LBP had LLD of 10 mm or more while 13%-

22% of participants who were receiving medical treatment for LBP had LLD of 10mm or 

more
29

. Similarly Friberg investigated the relationship between LLD and LBP in 653 

LBP patients (mean age 37) and 359 symptom-free controls (mean age 20 years). Using 

radiographic measurements of LLD, Friberg found the prevalence of LLD (defined as 

LLD greater than 5 mm) was 1.7 times higher in the LBP patients compared to the 

symptom-free controls. In addition, where LLD was greater than 15 mm, the prevalence 

was 5.3 times higher in the LBP patients compared to the controls 
85

. Soukka et al. 

performed a similar study but saw differences in prevalence of LLD between two groups 

even though they observed similar distributions of LLD (up to 10 mm) however, the 

results did not agree between the two groups 
88

.   This suggests that LLD of less than 5 

mm may not  be related to LBP
88

. Moreover, although LLD may significantly influence 

the spine, some patients with significant LLD are able to accommodate the LLD without 

suffering from LBP
18

.  
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ii.  Hip pain 

Hip pain pathologies are also studied in relation to LLD. Research investigating the 

relationship between LLD and hip pain appear less equivocal than that of LBP 
18,74

.  In a 

survey of running injuries in male and female competitive and recreational runners 

(n=1493), hip pain was reported twice as often in runners with self-reported LLD 

compared to runners without LLD 
18,74,89

. Additional LLD and hip pain studies conducted 

by Friberg found that of LLD patients (n=254) who complained of chronic hip pain, 226   

(89%) patients experienced pain on the longer limb 
28,29,85

.   Twenty-four of the patients 

experienced severe hip arthrosis (on the longer limb). Friberg found that after treating 

patients with shoe lifts, hip pain was nearly alleviated in the majority of cases 
18,26,85

.  

As reported in a review article by Brady et al., some research indicates hip 

osteoarthritis as a common consequence in the hip joint of the longer limb, while other 

research  indicate hip arthritis as a possible effect of LLD in the longer limb 
26,30,90

 . 

Rothenberg supported these findings and added that sciatica most often occurs in the 

longer limb, while trochanteric bursitis often occurs on the shorter limb 
26,91

.  

iii. Nerve Palsy 

Another serious consequence associated with LLD is nerve palsy 
27

.  In an 

investigation of LLD complications following THA, Clark et al. indicated that nerve 

palsy is the most severe consequence of LLD 
27

. Edwards et al. reviewed 21 THAs 

complicated by nerve palsy and found that the magnitude of LLD (in these cases 

lengthening) was correlated with the development of either a peroneal palsy or sciatic 

nerve palsy 
27,92

. In patients with peroneal nerve palsy, the average discrepancy was 2.7 

cm (1.9 cm-3.7 cm)   while in patients with sciatic palsy, the average discrepancy was 4.4 
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cm (4.0 cm-5.1 cm)
27,92

. Similarly, Pritchett reported severe neurologic deficit and 

persistent dysesthetic pain in 19 THA patients who were symptom-free prior to the 

surgery
93

. The range of limb discrepancy in these patents was 1.3 to 4.1 cm
27,93

. Of the 17 

patients who underwent hip revision surgery, dysesthetic pain was eliminated in nine 

patients, two patients had partial improvement and six patients had no improvement. 

Seven of 11 patients with motor deficits as a result of the nerve palsy had improvement in 

strength with three making a full recovery 
27,93

. Nerve palsy studies agree that greater 

limb length discrepancy, the greater the risk of nerve injury, however no consensus has 

established minimal thresholds of LLD that are associated with nerve palsy
27

. 

b. Functional limitations 

i. Balance, postural sway, and falls 

It is theorized that when moving, LLD creates unnatural forces which cause excessive 

stress and changes various forces acting on joints of the lower extremities and spine. 

These factors have been shown to decrease a person’s balance during double-limb stance 

33,74
. The decreased balance could cause a person’s stance to become unsafe leading to a 

possible fall and injury. Mahar et al. investigated the biomechanical importance of LLD 

on postural shift and sway in 14 adult volunteers (mean age 28.3 years.) from center of 

pressure (COP) data 
33,94

. COP describes the sum of all forces acting between a physical 

object and its supporting surface
94

. Shift of COP is an indirect measure of postural sway 

and thus a measure of a person’s ability to maintain balance. COP data was collected 

while participants stood barefoot with and without shoe lifts (1, 2, 3& 4 cm) 
94

. The 

results indicated that lifts as little as 1 cm significantly (p<0.001) shifted the mean COP 

toward the longer limb. Increasing the discrepancies did not r produce proportionally 
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greater shift but the magnitude of postural sway in the mediolateral direction increased 

with each centimeter increase in discrepancy 
94

. Murrel et al. however duplicated this 

study in twenty volunteers with LLD (n=9; range 9.5mm-16mm) and without LLD 

(n=11) and found no significant difference between the two groups, suggesting that 

postural sway is not effected by LLD 
33

. Conflicting results may be due to differences in 

discrepancy magnitude and long term adaptation by the neuromuscular system in 

individuals with actual LLD compared to artificially induced LLD 
33,94

. 

ii. Gait 

The role LLD plays in altering gait has been extensively studied.  In general, normal 

walking requires a raised center-of-mass as an individual walks. The energy expended is 

not regained as the center-of-mass is lowered onto the flexed extremity 
74

.  Individuals 

with LLD must vault over the longer limb after stepping down onto the shorter limb 

which causes an increase in vertical displacement of the center of mass and energy 

consumption
18

. Gait characteristics associated with LLD include “decreased stance time, 

step length on the shorter leg, decreased walking velocity, and increased walking 

cadence
18

” (Gurney B. , 2002, p. 199). Individuals with LLD often compensate for the 

discrepancy during gait by increasing knee extension, vaulting, toe walking hind-foot 

supination or any combination of these 
18,74

. 

To elucidate the role of LLD on gait, studies have been performed in various 

populations using artificially induced LLD and actual LLD. Bhave et al. investigated 

altered gait patterns and limping before and after surgical correction of limb 

discrepancies to determine if after correction the limbs can become equalized allowing 

the pelvis to level during walking 
95

. In this prospective study patients with LLD 
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underwent limb length equalization (less than 1 cm) with an Ilizarov apparatus (7 

patients), an external fixator (6 patients) or a nail and Ilizarov apparatus (5 patients) 
95

. 

Gait analysis compared videotaped walking sessions before and after the equalization to a 

comparison group of normal participants without any history of musculoskeletal or 

neuromuscular impairments and no evidence of LLD. Results indicate that LLD effects 

gait by decreasing stance time and step length on the shorter limb, decreasing walking 

speeds and altering walking cadence 
95

. 

In an experimental study to determine hip joint load in individuals with and without a 

simulated leg-length discrepancy of 2 cm and 4 cm, Wretenberg et al. conducted three-

dimensional gait analysis on healthy male subjects (n=9, average age 34, age range 29-

41) without a history of lower limb surgery or LLD 
96

. Results indicated that there was an 

increased abduction peak moment on the shorter limb with shoes lifts of 2 cm and 4 cm. 

On the longer limb, the net abduction peak moment was unaffected. Overall, study results 

suggest LLD of 2 cm or more creates shifts in hip moments on both the longer and 

shorter limb, a tendency for increased rotational moments, and changes in hip joint load 

96
.   

Due to LLD being a common complication following THA, one unique study 

examined the effect of LLD on gait in older adults, a population potentially already 

experiencing late life disability and declines in functional mobility. Gurney et al. 

examined the effects of artificially induced LLD (shoe lift discrepancies of 0,2,3, and 4 

cm) on gait economy and lower extremity muscle activity in older adults (n=44, age 

range 55-86) with no prior LLD (LLD< 1cm)
18,28

. They used electromyography to 

measure muscle activity of the right and left quadriceps femoris, plantar flexors 
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maximums, and gluteus medius while participants walked at normal walking pace on a 

treadmill. Other outcomes included heart rate, rating of perceived exertion, and frequency 

of gait compensatory patterns. Results of the study indicate that artificially induced LLD 

of 3 and 4 cm significantly effects oxygen consumption, perceived exertion, minute 

ventilation heart rate  and  right quadriceps activity, while LLD of 4 cm significantly 

effects left plantar flexor activity . They concluded that LLD may cause significant 

quadriceps fatigue in lower extremity limbs 
28

.  

c. Clinical outcomes 

Beard et al. investigated the effects of LLD on clinical outcomes following elective 

THA patients (n= 987) as measured by change in the Oxford Hip Score (OHS) 
97

 over 

three years follow-up
71

.  The OHS, a self-report questionnaire assesses function and 

residual pain in THA patients is valid and sensitive to capturing clinically important 

changes in older adult clinical status.  LLD patients had significantly poorer OHS scores 

compared to patients with no LLD (p=0.034).  Use of an epidural was associated with 

decreased incidence of having LLD of 10 mm or more and there were no significant 

difference in revision and dislocation rates between the two groups. Findings from this 

study suggest that post-operative LLD of 10 mm or more leads to poorer functional 

outcomes.   

The results of Beard et al. were supported by Wylde et al. who examined the impact 

of perceived LLD on patients 5-8 months after primary THA
23

. Using a postal audit 

survey, patients (n=1,114) completed the OHS questionnaire and answered additional 

questions about LLD. Of the received questionnaires, 329 (30%) THA patients reported 

LLD, even though further radiographic analysis indicated only 118 (36%) of the reported 
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329 LLD patients had anatomical LLD. The mean OHS score for patients with 

anatomical LLD was 22 and significantly worse than those without LLD (p<0.001). 

Study results show that all items on the OHS were significantly different between 

participants with and without perceived LLD (p<0.001) suggesting that perceived LLD 

was associated with significantly poorer functional outcomes
23

. 

X. Literature review summary 

With nearly 300,000 annual hospitalizations of adults 65 years and older and 

estimated annual costs of treatment approximately 13.7 to 20 billion dollars,
6
 hip 

fractures are a significant public health issue due to its prevalence, socioeconomic costs, 

and health consequences
16,36

.  This study looks to examine functional recovery and 

health-related outcomes of older persons following a hip fracture by understanding how 

limb length discrepancy (LLD), a common complication of surgical repair, may impact 

recovery potential.  

To date, LLD studies in older adults present little agreement on LLD prevalence, 

significance thresholds of LLD, and neglect to establish a consensus of how LLD affects 

functional and health-related outcomes 
22,26,27

. These studies also present major 

methodological variations and are limited to studies with either small sample sizes, are 

conducted using artificially induced LLD, or are conducted in patients with elective hip 

replacement surgery
26,28

. In contrast to elective hip replacement patients, hip fracture 

patients suffer from additional factors which make the effects of LLD more severe and 

more heavily influence post-surgical health outcomes. Such factors include older age, 

condition of the fractured osteoporotic bone, impact of the traumatic and sudden fracture 

event, and poorer health status
35

.  
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Although current LLD research lacks consistency and agreement, it does reflect the 

collective findings of LLD studies and provides valuable insight when approaching the 

issue of LLD in the hip fracture population. No study to date has investigated LLD in hip 

fracture patients, a large population of older adults experiencing late life disability and 

tremendous decline in functional mobility. Additionally, no study has measured the 

prevalence of varying degrees of LLD in this population nor described how LLD may 

impact the trajectory of functional recovery as defined by physical performance, physical 

activity, number of falls and pain.  

The objective of this study was to investigate if LLD is associated with recovery 

outcomes following a hip fracture. This was achieved by first measuring limb lengths 

from whole body DXA scans of hip fracture patients who participated in a randomized 

controlled study. Second, the reproducibility, validity, and repeatability of the LPC 

method for measuring the limb lengths were determined.  Third, the study determined the 

distribution and prevalence of LLD in this hip fracture population. Lastly, this study 

examined the association between LLD and functional recovery and health-related 

outcomes already captured form this same cohort of hip fracture patients. 

Findings from this study have tremendous potential for identifying a modifiable 

mechanism to improve functional recovery after hip fracture that has not been studied 

previously. This research may provide evidence for the development of future 

intervention studies that can investigate risk factors and predictive signs of LLD in hip 

fracture patients. Finally the relationship between LLD and recovery outcomes has 

important implications for clinical practice and physical rehabilitation, since determining 
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ways to evaluate for LLD during the post recovery period may decrease its effects on 

eventual recovery.  
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Chapter 3 Methodology 

This study adds to and extends research of the parent study by investigating if LLD 

is associated with specific hip fracture recovery outcomes already captured in the parent 

study (e.g. physical performance, physical activity, mobility, falls and pain).  

This  study was comprised of two major components: (1) assessment of the 

independent variable (LLD) which involved using whole-body DXA scans  to determine 

limb measurement and  the analysis of aim 1 (reproducibility, validity, and  repeatability), 

and  (2) the analyses for aims 2 and 3 (aim 2—LLD exploratory analyses, and aim 3 —

longitudinal analyses across various outcomes). 

I. Parent study 

The Baltimore Hip Studies 4
th

 cohort (BHS-4) study was a randomized controlled 

trial of older female hip fracture patients
15,98

. The 12-month study tested the feasibility 

and efficacy of an aerobic and resistive exercise program administered by an exercise 

trainer in the home of hip fracture patients. The BHS-4 cohort (1998-2004) consisted of 

community- dwelling women aged 65 and older with a hip fracture recruited from three 

hospitals in the Baltimore, Maryland area. Patients were screened for eligibility and 

provided their own informed consent within 15 days of the hip fracture. Those who met 

entry criteria had a DXA scan of the total hip and whole body and within 22 days of the 

fracture and completed additional baseline measurements. Those who completed at least 

80% of the baseline survey were randomized to one of two study groups: home exercise 

or usual care
15

 . While a description of the in-home exercise program is described in 

greater detail elsewhere, in general, the intervention group received up to 56 trainer-

supervised exercise sessions and telephone reminders to exercise
15

. Participants began the 



 

40 
 

program receiving 3trainer-supervised exercise sessions per week during the first 2 

months and then received 2 supervised sessions per week for 2 months, then once a week 

and then once every other week. Exercise sessions comprised of aerobic, strength and 

stretching exercises. Participants in the usual care group received physician prescribed 

standard of care. Usual standard care most often involved short hospital stays and 2-4 

weeks of rehabilitation
15

.  

Outcomes measurements, DXA scans and follow-up data were collected 2, 6, and 12 

months after the fractures. Additionally, participants were contacted monthly to gather 

data on health care utilization and adverse events. The primary outcome of interest was 

bone mineral density (BMD) of the contralateral femur which was measured using either 

a Lunar or Hologic DXA machine (Lunar Prodigy Advance: GE Healthcare, Leeds, UK; 

Hologic: QDR-1000 W, QDR-1500; Waltham, MA) 
15

. Secondary outcomes were 

measurements of total lean body mass and fat mass, physical activity, walking speed, 

lower extremity performance, gait, balance, grip strength, lower extremity physical 

activities of daily living, instrumental activities of daily living, depressive symptoms and 

health-related quality of life 
15

. 

The institutional review boards at the University Of Maryland School of Medicine 

and the three participating hospitals approved the study protocol. In addition, the Data 

and Safety Monitoring Board reviewed any adverse events and safety reports on a 

quarterly basis. 

Results of the parent study indicated no statistically significant difference in outcome 

measures comparing the exercise group and the usual care group
15

. While the exercise 
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intervention group reported more time spent exercising (p<0.5), small effect sizes of 0 to 

0.2 standard deviations were seen for BMD measures and time-specific between-group 

differences were not statistically significant for the remaining outcome measures
15

. 

Therefore this study will use participants from both groups and use a variable in the 

analyses to account for group assignment. 

II. Parent study population 

The BHS-4 cohort consisted of 180 community-dwelling women aged 65 and older 

with surgical repair of a non-pathological hip fracture
15

. These women were admitted to 

the hospital within 72 hours of the hip fracture. Eligibility was determined through a 

medical chart review, medical assessment, and cognitive screening assessment.  Study 

exclusions were mostly geared toward safety precautions due to the expectation of 

independent exercise as part of the intervention and  included the following: serious 

cardiovascular disease, neuromuscular conditions limiting exercise (e.g., Parkinson’s 

disease), respiratory conditions (e.g., chronic obstructive pulmonary disease), metabolic 

bone diseases other than osteoporosis (e.g., Paget’s disease), metastatic cancer, cirrhosis, 

end-stage renal disease (ESRD), and other miscellaneous exclusions that would increase 

the risk of falling while exercising independently (e.g., history of seizures, alcohol abuse, 

narcotic or benzodiazepine use) or increase the risk of injury if a fall occurred (e.g., 

recent gastrointestinal bleed, warfarin use). Walking without human assistance prior to 

the fracture and earning a score ≥20 on the Folstein Mini Mental Status Exam
99

 was an 

additional study requirement
15

.  
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III. Analytic study population 

A whole body DXA scan was required in order to measure limb lengths and 

calculate LLD. Therefore, the overall analytic sample was first restricted to those 

individuals with at least one electronic whole body DXA scan (Figure 3.1). After 

consultation with an orthopedic surgeon, participants with a “closed-reduction” fracture 

repair were excluded from the study population because that type of surgical repair 

precluded an accurate assessment of limb length. Similarly, participants who received a 

whole-body DXA scan using a  Lunar Prodigy Advance scanner (Version 11© 1998-

2007, GE Healthcare, Leeds, UK) were also excluded due to software interference in 

specific measurement regions which  also precluded an appropriate limb measurement on 

the whole-body scan. Therefore, only participants with DXA scans captured on a Hologic 

machine were included in these analyses. Figure 3.1 presents the overall analytic sample 

and analytic sample by study aim.  
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Figure 3.1 Analytic study populations 
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IV. Limb measurement  

a. Whole-body DXA images 

Limb length measurements were captured using DXA scan images. Measurements of 

limb length discrepancy were not assessed in the parent study; therefore, they were 

directly measured from the whole-body digital 1-dimensional DXA images that were 

previously captured and electronically stored during the parent study. In the parent study, 

whole body DXAs were utilized to measure total lean body mass and fat mass, BMD, 

total body composition, fat content and, soft tissue composition
77,100

.  

Chinnapen-Horsley et al. indicated that bone length factors may be extracted from 

whole body digital DXA images
80

. To test this assertion, Chinnapen-Horsley et al. 

conducted a validity and reproducibility study of bone length measurements (standing 

height, spine, femur, tibia and radius) from whole-body DXA images using two 

measurement methods, linear pixel count (LPC) and reticule and ruler (RET).These 

measurements were then compared to bone lengths measured using standard clinical 

measurement techniques—bone length measurements from X-ray images and direct 

measurements using  a stadiometer and measuring tape. Coefficient of variation (CV) 

provided the difference between each method independent of units of measurements. 

Results indicated that both methods which utilized whole body DXA images were highly 

correlated, the mean CV% for LPC was 1.6% compared to 2.3% for that of RET
80

. 

Similarly, bone length measurements from whole body DXAs were highly correlated 

with bone length measurements from  X-rays scans and direct tape measurements 

respectively, LPC having a marginally stronger correlation coefficient (r
2
 =0.94; r

2
 =0.84) 
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than RET (r
2
 =0.86; r

2
 =0.84)

80
.  CV percentages for each measurement method showed 

the lowest CV% for direct measurements (4.6%) and the highest CV% for x-ray measures 

(6.4%). LPC and RET showed an average CV% of 5.1% and 5.2% respectively. The 

measurement technique used in the Chinnapen–Horsley study served as a model for how 

limb lengths were measured in this study.  

b. Measurement method  

In general, measurements of limbs were performed using the ‘analysis’ tool of the 

Hologic DXA system software. The feature allowed assessors to identify polygonal 

regions of interest and place isolated markers on the skeletal images to measure isolated 

bone and soft tissue within the areas of interest. A more detailed description of the 

measurement procedures is described in Appendix 1: Limb Measurement Protocol. 

c. Measurement of LLD 

Measurements of limb length were directly assessed from whole-body, 1-dimensional 

DXA images. Capturing accurate and precise measurements of limb lengths from whole 

body DXA scans was essential for achieving the study objective and determining the true 

effect of LLD on study outcomes, thus limb length measurements required expert 

consultation from a panel of three DXA experts. The experts were identified based on 

their thorough knowledge and devoted work in the field of limb measurement and DXA 

analyses. Additionally, their area of expertise spanned the following: bone structure and 

repair of hip fractures, extraction and interpretation of bone and muscle structural 

geometry from DXA and other x-ray image data and muscle composition and skeletal 

structure. The PI, with input from the DXA experts developed the limb measurement 

protocol. Each expert read the limb length measurement user manual, which described 



 

46 
 

the measurement protocol, and participated in two one-on-one training sessions led by the 

PI. During the training sessions, the experts practiced measuring limb lengths from DXA 

scans. It was determined by the research team that (1) if the three expert assessors were 

able to measure limb lengths with moderate to high agreement between each other and 

(2) if the PI, who served as a fourth assessor, was able to perform LLD measurement with 

moderate to high agreement, when compared to the average of DXA experts, the PI 

across all time points in the study would perform the limb length measurements of all 

DXA scans available the same measurement technique described in Appendix 1.    

V. Aim 1 

a. Overview 

LLD measurements from whole-body DXA scans of  randomly selected study 

participants were used to determine (1) the reproducibility of LLD measurements from 

three expert assessors (reproducibility study), (2) the validity of LLD measurements from 

a fourth measurement assessor, treating the average of  three expert assessors as the 

‘gold-standard’ (validity study) and (3) the repeatability of the fourth assessor 

(repeatability study). Based on the reliability study from Chinnapen-Horsley et al., where 

inter and intra-observer CV%’s were low (1.6% for LPC and 2.3% for RET), we 

expected similar findings
80

. 

b. Analytic study population 

To perform aim 1, 20 whole-body DXA scans were randomly selected. These 20 

scans varied by participant, hip fracture surgical repair and study visit; five scans were 

randomly selected from each study visit (baseline, 2-month, 6-month and 12 month) and 

of these same scans, nine were from study participants who were surgically stabilized by 



 

47 
 

hemi-arthroplasty and ten were from study participants who were surgically stabilized by 

internal fixation (Table 3.1 and Figure 3. 1). One scan was later removed due to a 

corrupted file. 

 
 Table 3.1 DXA Scan Sampling Characteristics (n=19) 

Scan Fracture Type Study Visit 

1 hemiarthroplasty 2-month 

2 hemiarthroplasty 12-month 

3 internal fixation 6-month 

4 internal fixation Baseline 

5 hemiarthroplasty 12-month 

6 * hemiarthroplasty 2-month 

7 internal fixation 6-month 

8 hemiarthroplasty 12-month 

9 hemiarthroplasty Baseline 

10 internal fixation 12-month 

11 hemiarthroplasty 6-month 

12 hemiarthroplasty Baseline 

13 internal fixation 2-month 

14 internal fixation 12-month 

15 internal fixation Baseline 

16 internal fixation 6-month 

17 internal fixation 2-month 

18 hemiarthroplasty 2-month 

19 hemiarthroplasty 6-month 

20 internal fixation Baseline 
* This scan was later removed due to a corrupted file. 

 

a. Reproducibility study 

The reproducibility study determined the ability of three expert assessors to 

measure for LLD from the same 20 whole-body DXA scans. Reproducibility was 

assessed considering the standard deviation of differences (SD (D)), the 

reproducibility coefficient (RDC) and the intra-class correlation coefficient (ICC). 

b. Validity study 
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The validity study determined the ability of the fourth assessor to measure for 

LLD from the same 20 whole-body DXA scans, treating the three expert assessors 

as the ‘gold-standard.’ Validity was assessed considering the SD (D), correlation 

coefficient, and a matched paired t-test. 

c. Repeatability study 

The repeatability study determined the ability of the fourth assessor to duplicate 

measurements of LLD from the same 20 whole-body DXA scans. Repeatability was 

assessed considering the SD (D), the repeatability coefficient (RC), and the ICC. 

c. Data collection 

Primary data collection of limb measurement occurred by the following steps: 

1. Three expert assessors were selected to measure LLD from electronic whole-body 

DXA scans.  

2. Each assessor (assessors 1-3) received a LLD measurement protocol and 

participated in orientation sessions which explained LLD measurement 

procedures (see Appendix 1. Limb Measurement Protocol). 

3. During the orientation, assessors thoroughly discussed the measurement protocol 

which specifically describes how LLD measurements were to be performed.  

4. Assessors where given an encrypted thumb drive which contained 20 electronic 

whole-body DXA scans, randomly-selected from the study population.  

5. The 20 randomly-selected scans varied by participant, study visit and surgical 

repair 

a. 5 scans from each study visit ( baseline, 2-month, 6-month and 12 month) 
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b. 10 scans from  study participants who were surgically stabilized by hemi-

arthroplasty and 10 scans from  study participants  who were surgically 

stabilized by internal fixation 

6. Each expert assessor independently analyzed the scans and recorded the LLD 

measurements on data forms.  

7. The PI, who served as assessor 4, also participated in the orientation sessions, 

independently measured the same 20 DXA scans, and recorded LLD 

measurements on data forms.  

8. After 1 week, assessor 4 re-measured the same 20 DXA scans and recorded LLD 

measurements on data forms.  

9. All LLD measurements from assessor 1-4 were entered into a database. 

d. Study variables and measures 

 Trained expert assessors measured limb lengths (pixel unit) from 20 electronic 

whole-body DXA scans using semi-automated software provided by DXA 

manufacturers. Calculation of LLD was performed afterwards by subtracting the left limb 

length from the right limb length; thus eliminating the opportunity for mathematical 

errors when calculating the discrepancy.  Because the LLD variable provided a 

directional value of LLD, it is important to note that at times it is most appropriate to 

perform statistical analyses using the directional value of LLD, while in other instances 

using the absolute value of LLD is most appropriate. Therefore when describing 

statistically analyses, we will explicitly indicate which form is being referenced: 

directional LLD or absolute LLD. 
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e. Statistical analyses 

Analyses were performed using SAS, version 9.3 (SAS Institute, Inc., Cary, NC). 

Using the PROC MIXED command in SAS, mixed effect regression modeling 

was used to calculate the standard deviation of differences (SD (D)), the reproducibility 

coefficient (RDC), the repeatability coefficient (RC) and intra-class correlation 

coefficients (ICC). A restricted maximum likelihood (REML) approach was specified to 

maximize the observed residuals and to reduce biased estimation of standard errors and 

variance components.  

Below we have defined the terms we used in the description of our aim 1 analysis. 

We considered a random sample of scans from n BHS cohort members (from study 

participants in the BHS cohort) assessed by o different assessors, m times per assessor. 

The kth (k=1,…,m) directional LLD measurement taken by the jth (j=1,…,o) assessor on 

the ith (i=1…,n) study participant is denoted by 𝑌𝑖𝑗𝑘.  The general model for analyzing 

this data is given by 

 𝑌𝑖𝑗𝑘 = 𝛽𝑜 + 𝑎𝑖 + 𝑏𝑗 + 𝛼𝑏𝑖𝑗 + 𝜀𝑖𝑗𝑘, (Eq. 1) 

𝛼𝑖~𝑁(0, 𝜎𝛼
2) Study Participant effect 

𝑏𝑗~𝑁(0, 𝜎𝑏
2) Assessor effect 

𝑎𝑏𝑖𝑗~𝑁(0, 𝜎𝑎𝑏
2 ) Interaction effect 

𝜀𝑖𝑗𝑘~𝑁(0, 𝜎𝜀
2) Residual effect  

where βo is  a fixed parameter and 𝑎𝑖, 𝑏𝑗,  𝛼𝑏𝑗,  and 𝜀𝑖𝑗𝑘 are independent random effects 

which are normally distributed with mean 0 and variances 𝜎𝛼
2,  𝜎𝑏

2 , 𝜎𝛼𝑏
2 , 𝜎𝜀

2 . The term 

𝑎𝑖is interpreted as  the difference between a study participants’ true LLD measure and the 

overall mean (the study participant effect), 𝑏𝑗  is interpreted as the difference between the 
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mean LLD measurement of an assessor and the overall mean (the assessor effect), 𝑎𝑏𝑖𝑗  is 

the interaction effect and 𝜀𝑖𝑗𝑘 is  the difference between the observe LLD measurement of 

a particular study participant by a specific assessor and the expected LLD measurement  

based on the study participant’s and assessor’s  parameters ( residual effect or in this 

case, measurement error).  

Model (1) assumes implicitly that the o assessors are a random sample from a 

potentially larger population of assessors. 

i. Reproducibility Study 

The reproducibility study determined measurement agreement among three expert 

assessors after they measured the same whole-body DXA scan. Results of the 

reproducibility study calculated the following indices: SD (D), RDC and ICC. 

The SD (D) is the value under which the difference in LLD measurements should fall 

with 68% probability and is defined as  

SD (D) =√𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝐷), (Eq. 2) 

where 

D represents the difference in the assessment of the same DXA scan by two difference 

assessors and  

Variance (D) =2(𝜎𝑏
2 +  𝜎𝛼𝑏

2 +  𝜎𝜀
2)   (Eq. 3). 

The RDC is an extension of the SD (D) and is the value under which the difference 

between assessor measurements on the same participant scan should fall with 95% 

probability. The RDC is defined as    
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RDC =1.96SD (D) (Eq. 4). 

The ICC for the reproducibility study is the proportion of total variation in LLD 

measurements attributable to between-patient difference and is defined as 

Corr (𝑌𝑖𝑗1𝑘1
, 𝑌𝑖𝑗2𝑘2

) = 

𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑎
2)

𝑃𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑎
2)+𝑎𝑠𝑠𝑒𝑠𝑠𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑏

2)+ 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑎𝑏
2 )+ 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝜀

2)
    

(Eq. 5) 

where for example, i denotes the same participant scan, j1 and j2 denotes assessors 1 and 2 

and k1 and k2 denote measurements from j1 and j2 respectively.  

ii. Validity Study 

The validity study compared LLD measurements performed by assessor 4 to the 

‘gold-standard’. Note that for this study, the ‘gold-standard’ is defined as the average of 

LLD measurements from the three expert assessors. Results of the validity study provide 

measurements of SD (D) and correlation coefficient  

The SD (D) is defined as the standard deviation of the difference in LLD 

measurements between assessor 4 and the ‘gold-standard’. 

The correlation coefficient for the validity study is the proportion of the total 

variation in LLD measurements explained by between-scan participant differences and is 

defined as  

Corr (𝑌𝑖𝑗1𝑘1
, 𝑌𝑖𝑗2𝑘2

) =

𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑎
2)

𝑃𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑎
2)+𝑎𝑠𝑠𝑒𝑠𝑠𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑏

2)+𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝛼𝑏
2 +𝜎𝜀

2)
     (Eq. 6) 
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where, i denotes the same participant scan, j1 and j2 denotes the gold-standard ( mean 

measurements from assessors 1-3) and assessor 4 and k1 and k2 denote LLD 

measurements from j1 and j2 respectively.  

iii. Repeatability Study 

The repeatability study examined the reliability of the same LLD measurements 

captured by assessor 4 during two different measurement sessions. The repeatability 

measured for SD (D), RC and ICC. The SD (D) and the RC are defined in the same 

fashion as in the validity study however the RC is the value under which the difference 

between the first and second LLD measurement by assessor 4, on the same patient, 

should fall with 95% probability. 

The ICC for the repeatability study assessed the correlation between two LLD 

measurements from assessor 4 made on the same participant scan. The ICC equation is 

defined as 

 

Corr (𝑌𝑖𝑗1𝑘1
, 𝑌𝑖𝑗1𝑘2

) =

𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑎
2)+𝑎𝑠𝑠𝑒𝑠𝑠𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑏

2)+ 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑎𝑏
2 )

𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑎
2)+𝑎𝑠𝑠𝑒𝑠𝑠𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑏

2)+ 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝑎𝑏
2 )+ 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (𝜎𝜀

2   

(Eq. 7)  

where, i denotes the same participant, j1 denotes assessor 4 and k1 and k2 denote the first 

and second measurement from j1.  
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VI. Aim 2 

a. Overview: Limb length discrepancy exploratory analyses 

Given the fact that this study is the first of its kind to examine LLD in hip fracture 

patients, a series of exploratory analyses (e.g. mean, median, mode, constructing scatter 

plots, histograms, box-plots, and spaghetti plots) were performed to (1) describe the 

distribution of varying degrees of absolute LLD in our population at each time point over 

the year post fracture, (2) determine the relationship between absolute LLD and time. 

b. Analytic study population 

The analytic sample for Aim 2 consisted of study participants with at least one 

electronic whole-body Hologic DXA scan at baseline, 2-month, 6-month or 12-month 

(Figure 3.1).   

c. Study variables and measures 

 Assessor 4 measured the limb length of all DXA scans available at each time 

point. As the smallest unit of measure was a pixel unit (13.03 mm), limb lengths were 

measured to the nearest pixel unit and converted to mm.  

d. Statistical analyses 

Characteristics of the study population are presented with means and standard 

deviations for continuous variables and percentages for categorical variables.  Research 

present inconsistent classifications of LLD 
27,28,74,101-104

. Our classification of LLD was 

guided by comparable LLD studies. Beard et al. categorized no LLD as less than10 mm 

and Castallano defined minor LLD as less than 20 mm 
71,74

 . Additionally,  Gurney et al. 

indicate there appears to be a breakpoint between 20 and 30 mm with regard to the effect 
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of LLD on functional and health-related outcomes in older adults. These findings and 

LLD research support our categorization of LLD as mild (LLD < 10 mm), moderate (10 

≤LLD > 30 mm) and severe (LLD ≥30 mm) 
18,28

.  

Exploratory analyses were conducted to describe the distribution of absolute LLD 

during the year following a hip fracture. Exploratory analyses included the following: 

determining the overall mean of absolute LLD (treating LLD as a continuous variable), 

median, and mode, constructing frequency tables and histograms of absolute LLD 

categories at each time point, and determining the correlation coefficients of directional 

LLD measurements at each time point. 

Using the PROC MIXED command in SAS, general linear modeling examined 

the longitudinal relationship between mean absolute LLD and time during the year 

following the hip fracture. Treating absolute LLD as a continuous variable, regression 

modeling examined the changes in mean absolute LLD and hypothesis testing assessed 

the difference in mean absolute LLD between each time point (alpha=0.05).  

VII. Aim 3  

a. Overview: Longitudinal analyses 

 Aim three used sophisticated statistical approaches to determine the trajectory of 

functional recovery and health-related outcomes (physical performance, physical activity, 

mobility, falls, and pain) as they relate to varying degrees of LLD. Results of exploratory 

analyses from aim 2 guided our decision to treat LLD as a continuous variable and 

establish meaningful LLD categories when performing longitudinal analyses. 
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b. Analytic study population 

The analytic sample for aim 3 depends on whether LLD varies over time as 

determined by Aim 2. If LLD status varied over time, meaning a person’s LLD status did 

not remain stable, the analytic sample for aim 3 would consist of only participants with a 

baseline DXA scan. If  LLD was time invariant, meaning LLD status did not significantly 

change over 1 year post fracture, the analytic sample would  include be participants with 

at least one whole body DXA scan at any time point and  the outcomes of interest 

(physical performance, physical activity, pain, falls, and mobility), resulting in a larger 

sample (Figure 3.1). 

c. Study variables and measures 

i. Lower extremity performance 

Lower extremity performance was captured with the Lower Extremity Gain Scale 

(LEGS) 
15,105

. This measure has been shown to be reliable and valid in assessing recovery 

after a hip fracture in nine clinically meaningful areas of function
106

. These timed 

performance –based activities include (in order of administration): (a) reaching for an 

item on the ground from a sitting position, (b) putting on a sock on the fractured-side foot 

(c)  putting on a shoe on the fractured side, (d) rising from an armless chair, (e) walking 3 

meters, (f) stepping up four steps, (g) stepping  down four steps, (h) getting on the toilet 

and (i) getting off the toilet
105,106

. Using a scale of 0 to 4, performance of each task was 

assessed and data collected regarding assistance used and whether the task was performed 

correctly, incorrectly or incompletely. The LEGS score ranges from 0 to 36 with a higher 

score indicating better lower extremity performance 
105,106

. 
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ii. Physical activity 

Physical activity was assessed using the YALE Physical Activity Scale (YPAS) 

15,107
. YPAS is an interviewer-administered questionnaire that has been shown to be 

reliable and valid in measuring physical activity and exercise in older adults 
108

.The 

instrument captures hours spent and kilocalories expended performing common activities 

(work, yard work, caretaking, exercise, and recreation) during a typical week in the past 

month. Time for each YPAS activity is multiplied by an intensity code and then summed 

providing an energy expenditure summary index (kcal/week) 
107

. The higher index YPAS 

score indicates higher level of physical activity 
107

. 

iii. Mobility (gait and balance) 

The three-meter walk test assessed gait speed on an indoor course. Balance was 

assessed through a series of performance measures which included the following: chair 

sit, chair stand, and single leg stand. A summary score (range 0-28) of gait and balance 

was used to assess mobility 
13,48

.   

iv. Pain (general and hip) 

General pain- A single item question measured general pain: On a scale of 0 to 10 (0 

meaning no pain and 10 meaning a lot of pain) how would you rate the pain you felt in 

the past week?     

Hip-related pain- A single item question measured hip-related pain: How would you 

rate the pain you experienced in your hip on a scale of 0 to 10 (0 meaning no pain and 10 

meaning a lot of pain)? 
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v. Falls 

Falls were assessed with the following question: since your last discharge/date of 

last interview, how many times have you fallen? The definition of a fall was defined as 

an unintentional change in position resulting in coming to rest on the ground or other 

lower level.  

d. Statistical analyses 

Exploratory analyses were performed to describe the distributions of each 

dependent variable. Continuous variables were described using means and standard 

deviations, while categorical variables were described with percentages. Differences in 

relevant participant baseline characteristics (i.e. covariates of interest) were compared by 

LLD status using t-test for continuous variables and chi- square for categorical variable. 

LLD status was categorized  as mild (LLD <10 mm), moderate (10 ≤ LLD >30mm) and 

severe (LLD ≥30 mm).To illustrate the relationship between LLD status and study 

outcomes, LLD status was treated as a continuous variable and was later categorized 

based on outcome-specific parameters.  

The objective for aim 3 was to describe the trajectory of functional recovery and 

health-related outcomes (physical performance, physical activity, mobility (gait and 

balance), pain and falls) in hip fracture participants with varying degrees of LLD during 

the 12 months following a hip fracture. The general hypothesis for aim 3 was that 

participants with greater degree of LLD would have more limitations with functional 

performance measures and experience poorer health-related outcomes. 

A general linear model was used to examine the longitudinal relationship between LLD 

status and recovery outcomes during the year following the hip fracture. Advantages of  
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general linear modeling are that they: (1) use data available from all study visits to 

perform longitudinal analyses regardless if there is missing data (2) are unaffected by 

randomly missing data (3) can flexibly model time effects  and (4) allow the use of 

realistic yet parsimonious variance and correlation patterns.  

Each analysis began with a non-parametric smooth model using loess or local 

regression to determine the relationship between LLD status and each outcome. Based on 

this relationship, a general linear model was developed using unstructured 

variance/covariance structures. The models were adjusted for possible covariates 

depending on sub aim described below; all of which were captured at baseline 
15,109-111

. 

A general linear model illustrates how these relationships were examined. 

Outcome = β0 + β1 LLD + β2time + β3LLD*time + β4…βn covariates 

 

Outcome: at time T, where T=2, 6, or 12 months 

 

LLD: defined as a continuous variable 

LLD category: mild, moderate, severe (category and cutoffs values depend on results 

from loess analyses)  

 

Time: T0 =2 months (reference), T1=6 months, T2=12 months 

 

e. Covariate  

 The following baseline covariates were included in the adjusted statistical models:  

age, body mass index (BMI), Charlson Comorbidity Index score, treatment group, Lower 

Extremity Activities of Daily Living (LPADLs) and surgical type. Age was measured in 

years; race was categorized as black or white; BMI (kg/m
2
) was calculated using 

measured height (meters) and weight (kilograms); comorbidities was assessed from the 

Charlson comorbidity index; treatment was dependent on randomization assignment 

either the exercise group or control group; LPADLs were assessed  using modified 
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version of the Functional Status Index and fracture type was categorized as internal 

fixation or hemiarthroplasty 
15,50

.  

f. Power analysis for main outcomes  

Power analyses were conducted to determine our ability to detect an effect of LLD on 

three main outcome variables (LEGS and YPAS) using the available sample size, the 

impact of correlated data, various effect sizes and expected difference of means between 

those with and without LLD.   To our knowledge, no other study has measured LEGS, 

YPAS and SF-36 in a cohort of hip fracture participants with and without LLD. 

Therefore, in order to determine power, we used available information from the entire 

BHS-4 study population and similar study populations (e.g. LLD patient population 

following elective THA and hip fracture patients).  The following equation, which 

considers the impact of repeated measured data, was used to estimate the power of the 

cluster longitudinal data.  

 

where SE𝜃=√(1 + (𝑛 − 1)𝜌) (
𝜎2

𝑚1∗𝑛
+

𝜎2

𝑚2∗𝑛
)  and 

0 A
 equals  the  expected 

difference in mean of each outcome, where 
A is the mean of each outcome in those with 

LLD, 
0 is the mean of each outcome in those without LLD, 𝑛  is number of 

observations,𝜌  is correlation of the repeated outcome  m is  number of study participants 

and  𝜎2is the variance of each outcome. 

The following power tables provide the percentage for detecting an association 

between LLD and  each outcome given the sample size, an alpha level of 0.05 and 
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assuming different effect sizes (small, moderate and large). Mean, variance, and 

correlation values were calculated from the parent study population using general linear 

modeling for longitudinal data in SAS. Due to the variability of prevalence studies in 

LLD research (range of prevalence of LLD: 4%-95%) we assumed a LLD prevalence of 

50 % and expected to detect a significant association between LLD and each outcome 

with moderate and large effect sizes. 

i. Lower extremity function (Lower Extremity Gain Scale- LEGS) 

Given a mean LEGS score of 26.0, a standard deviation of 7, a longitudinal correlation of 

LEGS score of 0.7658 in this hip fracture cohort and an alpha level of 0.05, the table 

provides power for detecting an association between lower extremity function and LLD 

with a sample size of 80.  According to the power calculations, we have 83% power to 

detect a moderate effect size where there is a difference in mean of 4.2 units. Clinically 

meaningful difference in the LEGS scores for a hip fracture population has been shown to 

be 2 units 
12,14

 

Table 3.2 Power analysis for Aim 3a (LEGS) 

Sample 

Size 

Correlation Difference 

in mean 

Standard 

Deviation 
Effect Size Power 

80 0.7658 1.05 7 0.15 Small 11% 

80 0.7658 2.1 7 0.30 Small 31% 

80 0.7658 3.15 7 0.45 Moderate 59% 

80 0.7658 4.2 7 0.60 Moderate 83% 

 

ii. Physical Activity (Yale Physical Activity Survey-YPAS) 

Given a mean YPAS score of 3306 kcal/week, a standard deviation of 2,727, and a 

correlation of 0.4894 in this hip fracture cohort, we have 80% power to detect a moderate 

effect size where there is a difference in mean of 1400 units. Clinically meaningful 
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difference in the YPAS scores for a hip fracture population has been shown to be 1600 

units
108

. 

Table 3.3 Power Analysis for Sub-aim 3b (YPAS) 
Sample 

Size 
Correlation 

Difference 

in mean 

Standard 

Deviation 
Effect Size Power 

80 0.4894 400.4 2727                                 0.15 Small 12% 

80 0.4894 801.3 2727 0.29 Small 37% 

80 0.4894 1201.9 2727 0.44 Moderate 68% 

80 0.4894 1400 2727 0.51 Moderate 80% 

80 0.4894 1602.6 2727 0.59 Moderate 89% 

80 0.4894 1736.2 2727 0.64 Moderate 94% 
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Chapter 4 Aim 1 Results and Discussion 

a. Results 

i.Descriptive Characteristics of LLD Measurements by Assessor 

LLD measurements of whole-body DXA scans are shown by assessor in Table 

4.1 and Figure 4.1. A total of 19 out of 20 scans were measured by each assessor; one 

scan was identified as corrupted and therefore removed. Among assessors 1-4, the 

distribution of each directional LLD measurement differed by no more than 2 pixel units 

with the exception of one scan. The direction of discrepancy, positive or negative, 

differed between assessors for two scans. The distribution of LLD measurements by each 

assessor indicated that LLD values were similar between assessors and very few 

measurements differed in direction.  
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Table 4.1 Directional LLD Measurements by Assessor (n=19) 

Scan Assessor 1 Assessor 2 Assessor 3 Assessor 4 Spread Gold-Standard 
(Assessor 1-3 Mean) 

1 2 2 1 1 1 1.67 

2 1 0 0 0 1 0.33 

3 -1 0 0 0 1 -0.33 

4 0 -1 1 1 2 0.00 

5 1 1 0 1 1 0.67 

6* -- -- -- -- -- -- 

7 2 1 1 1 1 1.33 

8 -1 0 -1 0 1 -0.67 

9 0 -1 -1 0 1 -0.67 

10 3 1 0 3 3 1.33 

11 1 0 2 2 2 1.00 

12 0 0 1 1 1 0.33 

13 0 0 -1 -2 2 -0.33 

14 0 2 1 2 2 1.00 

15 0 1 -- 1 1 0.50 

16 0 0 0 1 1 0.00 

17 -1 -2 -3 -2 2 -2.00 

18 1 -1 1 1 2 0.33 

19 2 0 1 2 2 1.00 

20 2 1 1 2 1 1.33 
*Scan removed due to corrupted file. 
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Figure 4.1 Directional LLD Measurements by Assessor 

 

We next examined the strength of the correlational relationship of LLD 

measurements between assessors. Correlation coefficients for directional LLD 

measurements by assessor are described in Table 4.2. The positive coefficients were 

indicative of a positive correlational relationship between each assessor. While LLD 

measurements by assessor 2 were least correlated to the other three assessors (0.48, 0.49 

& 0.54), the direction and magnitude of strength of the correlation suggested a moderate 

correlation persisted between the assessors. LLD measurements by assessor 4 were most 

strongly correlated to all assessors; the correlation between assessor 3 and assessor 4 was 

the strongest (Corr=0.77). Overall, the strength and magnitude of the correlation 

coefficients indicate that assessor measurements were similar to each other. 
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* DXA scan later removed due to corrupted file  .
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Table 4.2 Correlation Coefficient Matrix by Assessor 

 

 

 

 

We further determined how directional LLD measurements compared among 

assessors by examining the mean LLD of each assessor and testing the difference in 

means (Table 4.3). While the LLD means ranged from 0.74 pixel units (SD=0.733) to 

1.21 pixel units (SD=0.85), the difference in means was not statistically significant 

between assessors (p=.35).These results further show no significant differences between 

LLD measurements performed by assessors and that the LLD measurements were 

consistent between assessors. 

 Results from the exploratory analyses of LLD measurements by assessors 1-4 

suggest that the assessors performed similar measurements of LLD.  

Table 4.3 Analysis of Variance: Comparing Difference in Absolute Mean LLD by Assessor 

 Assessor 1 Assessor 2 Assessor 3 Assessor 4 p-value 

Mean (std. dev.) 0.95 (0.91) 0.74 (0.73) 0.89 (0.76) 1.21 (0.85) 0.35 

 

ii.Reproducibility 

The reproducibility of LLD measurements captured by expert assessors 

(assessors1-3) was examined considering the SD (D), the RDC and the ICC. The SD (D), 

RDC, and ICC for the reproducibility of the LLD measurements were 1.14 pixel units, 

2.25 pixel units and 0.48 (95% CI, 0.19 to 0.73) respectively (Table 4.4). 

The reproducibility study results indicate that the expert assessors measured LLD 

with fair to moderate agreement. The SD (D) of 1.14 is the value by which the difference 

  Assessor 1 Assessor 2 Assessor 3 Assessor 4 

Assessor 1 1 0.484220748 0.523678128 0.656795791 

Assessor 2 0.484220748 1 0.499740057 0.543355731 

Assessor 3 0.523678128 0.499740057 1 0.766779896 

Assessor 4 0.656795791 0.543355731 0.766779896 1 
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in LLD measurements between two assessors will not exceed 1.14 pixel units for 68% of 

future LLD measurements from the same DXA scan. Similarly a RDC of 2.25 pixel units 

suggest that the difference in LLD measurements will not exceed 2.25 pixel units for 95 

% of future LLD measurements.  The greater RDC value compared to the SD (D) value, 

1.1 versus 2.25, is explained by increased statistical confidence from 68% to 95%. 

Reproducibility study results expressed by the SD (D) and RDC values were also 

supported by the ICC of 0.48 which suggest moderate agreement between the 

measurement assessors. ICC values between 0.41-0.60 describe ‘moderate’ agreement 

while 0.61-0.80 suggests substantial agreement and 0.81-1.00 excellent agreement
75,112

.  

Results of the reproducibility study suggest that assessors 1-3 were able to reproduce the 

same LLD measure with moderate agreement.  

Table 4.4 Reproducibility and Repeatability Indices 
      SD (D) RDC/RC (95%CI) ICC (95%CI) 

Reproducibility 1.14 2.25 (*) 0.48 (0.19, 0.73) 

Repeatability  0.79 1.56 (1.18, 2.28) 0.80 (0.54 ,0.92) 
* calculating a 95% confidence interval was not appropriate 

 

iii.Validity 

The validity of LLD measurements captured by assessor 4 was assessed treating 

measurements captured by assessors 1-3 as the ‘gold standard’. The SD (D) was 0.76 and 

correlation coefficient of 0.81 (95% CI, 0.56 to 0.92) indicated a strong positive 

correlation between LLD measurements by assessor 4 and the ‘gold-standard’ (Table 

4.5). 

Results from the validity study determined that when treating the expert assessors 

as the gold-standard, assessor 4 performed LLD measurements with good agreement. 

While the mean LLD measurement from assessor 4 was higher than the gold standard, 
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the increase was not statistically significant. The SD (D) value of 0.76 suggests that the 

difference in  LLD measurement between assessor 4 and the gold standard will not 

exceed 0.76 in 68% of all future occurrences.  Similarly this finding is supported by the 

correlation coefficient of value of 0.81 which suggests excellent agreement. Overall 

validity study results showed strong measurement agreement between assessor 4 and the 

‘gold-standard’ which suggests that assessor 4 was able to perform LLD measurements 

that were highly comparable to those measurements by the ‘gold-standard’. 

 
Table 4.5 Validity Study: Assessor 4 vs. ‘Gold- Standard’ 
      

SD (D) 
Correlation 

coefficient (95% CI) 

Validity 0.76 0.81 (0.56, 0.92) 

 

iv.Repeatability 

The repeatability study aimed to determine the ability of assessor 4 to measure the 

same LLD measurements during two assessment sessions. The repeatability of LLD 

measurements captured by assessor 4 was examined considering the SD (D), the RC and 

the ICC. The SD (D), RDC, and ICC for the reproducibility of the LLD measurements 

were 0.79 pixel units, 1.56 pixel units and 0.80 (95% CI, 0.54 to 0.92) respectively (Table 

4.4). 

Repeatability results showed good to excellent agreement comparing the first and 

second LLD measurement for assessor 4. The SD (D) and RC were smaller for 

repeatability than in the reproducibility study, indicating smaller measurement variation. 

The RC was 1.56 pixel units which indicates that the difference in LLD measurements 

from assessor 4 would not exceed 1.56 pixel units for 95% of future LLD measurements. 

The ICC for the repeatability was 0.80 which further suggests excellent repeat 
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measurement agreement. Overall, results from the repeatability study suggest that 

assessor 4 was able to measure LLD on the same scan with high consistency over time. 
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b. Discussion 

Given the paucity of information on LLD in hip fracture patients, it was important to 

have accurate measurements of LLD to begin examine its effect on recovery. We 

thoroughly researched limb length measurement techniques and determined that given 

design parameters of the parent study, the DXA-LPC method provided the means for 

measuring limb lengths and allowed us to assess for LLD from whole-body DXA scan 

images. Using the LPC method, Chinnapen-Horsely et al. determined that skeletal lengths 

of the lower extremity can be accurately and precisely measured from whole-body DXA 

scan images
80

. In their study, the DXA-LPC method demonstrated a strong positive 

correlational relationship with X-ray measurements (r
2
=0.94) and clinical measures of the 

lower extremity (r
2
=0.84). Given the magnitude, direction and strength of the correlation 

between the DXA-LPC method and actual measurements of lower extremity, we 

determined the DXA- LPC method an appropriate technique for measuring limb length 

and assessing for LLD. 

In order to maximize accuracy of limb length measurement, a panel of three experts 

was convened. These three experts were thoroughly involved in the development of the 

limb length measurement procedures and they provided additional content knowledge 

and expertise on specifically measuring for limb length in the unique hip fracture 

population. 

This aim determined the reproducibility, validity, and repeatability of the LPC 

method to measure for LLD from whole-body DXA scans measured by multiple 

assessors. Our results showed that reproducibility of LPC was fair to moderate 
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(ICC=0.48 (95% CI, 0.19, 0.73); SDC= 1.14 pixel units; RDC= 2.25 pixel units), while 

validity (ICC= 0.81(95% CI, 0.56 to 0.92; SD=0.76) and repeatability (ICC=0.80 (95% 

CI, 0.54, 0.92); SD=0.79 pixel units; RC=1.56 pixel units) were both excellent, 

respectively. Our interpretation of ICC were guided by criteria set forth by Landis and 

Koch (0.00-0.20-slight agreement; 0.21-0.40- fair agreement, 0.41-0.60 moderate 

agreement, 0.61-0.80 substantial agreement and 0.81-1.00 excellent agreement), criteria 

that are widely supported by reproducibility, validity and repeatability studies
75,112

. 

Although the validity and repeatability of the DXA-LPC method has been previously 

investigated 
80

, it has not been done in hip fracture patient and to our knowledge no other 

study has specifically examined the reproducibility of the DXA-LPC method when 

measuring limb lengths in any population. We were therefore limited in our ability to 

compare our reproducibility results due to a lack of comparable reproducibility studies.  

Nonetheless, several studies have examined the reproducibility of other radiographic 

techniques using orthoroetgenograms, teleroentgenograms, and scanogram to measure for 

limb length 
75,113-115

. Findings from those studies indicate substantial to excellent inter-

observer agreement, with ICCs ranging from 0.79 to 0.98
75,114,116,117

. When compared to 

other LLD studies that examined reproducibility, a smaller ICC (0.48) and wide 

confidence interval (0.19, 0.73) in this present study suggests the presence of more inter-

observer variance and possible measurement error as it pertains to accuracy of limb 

length and the assessment of LLD.  One explanation for the overall dissimilar results is 

that other reproducibility studies utilized different measurement techniques, measurement 

instruments and patient population; all of which are key study features that may introduce 

error. For example, Kjellberg et al., found excellent inter-observer agreement (mean 
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ICC=0.83) for LLD measurements of THA patients, captured by four assessors who 

measured LLD from plain radiograph images
75

. While Terry et al., determined a range of 

inter-observer variances (ICC range: 0.80-0.98) using LLD assessment from four 

assessors who assessed LLD using clinical and radiographic measurement techniques
116

.  

Another possible explanation for the variation in reproducibility results involves the 

quality of the DXA images. The poor image quality of the DXA images taken between 

1998 and 2004 likely led to difficulty in determining consistent measuring landmarks 

between assessors.  Griffith and Genant report that over the last decade, advancements in 

computation technology allow DXAs to provide higher resolution images and allow for 

more accurate analyses of bone structures
118

. Perhaps, experts would benefit from current 

technological advances in DXA imaging which could improve visibility of limb 

landmarks for length assessment and could improve the reproducibility of limb length 

measurements. Since the quality of the DXA image was a limitation experienced by all 

experts, it may have been confounded by variation in assessor experiences with viewing 

DXA images. We made efforts to account for this factor by having assessors participate 

in multiple in-person training sessions and having them collectively develop the limb 

length measurement protocol. 

It was the general consensus of the research team that if reproducibility results 

suggested moderate to high agreement, a validity study would determine if the PI, who 

served as a fourth assessor, was also able to perform LLD measurements with moderate 

to high agreement. The results showed that assessor 4 performed LLD measurements 

with good agreement (ICC= 0.81(95% CI, 0.56 to 0.92; SD=0.76), which were similar to 

other LLD validity study results (ICC’s range 0.78 to 0.99)
80,116,117

. Validity studies 
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examining clinical assessments of LLD and more popular radiographic assessments of 

LLD, such as teleroentergenogram, orthoroentgenogram, slit scanogram, ultrasound and 

CT scanogram, have been extensively studied 
80,116,119,120

. Comparable validity studies 

examined how various LLD measurement techniques compared to a gold standard and 

suggest that a clinical assessment of LLD, specifically the block or lift methods, provides 

the most accurate measure of LLD
121

. However, other studies affirm that a radiographic 

measurement, specifically using a direct slit scanogram, is most accurate and thus, should 

be used as a gold standard 
116,117,121,122

.  It must be noted that these validity studies all 

compared a LLD measurement technique to a supported gold standard, whereas in our 

validity study, we did not have another measure of; therefore an average of the 

measurements captured by the three expert assessors served as a proxy for the gold 

standard. Our decision to allow the average of the experts’ measurement to serve as the 

gold standard was guided by results from Chinnapen-Horsley that found that the DXA-

LPC method was highly correlated with X-ray (r
2
=0.94) and clinical assessments 

(r
2
=0.84) of limb length.  

The repeatability study aimed to examine the degree of agreement between two 

assessments of limb lengths measured by assessor 4. It was predetermined by the research 

team that if repeatability results suggested moderate to high agreement, assessor 4 would 

perform limb length measurements on all DXA scans across study time points. The 

results showed that assessor 4 measured limb length and assessed for LLD with excellent 

agreement (ICC=0.80 (95% CI, 0.54, 0.92); SD=0.79 pixel units; RC=1.56 pixel units), 

which were consistent with other repeatability studies where the ICC ranged from 0.80 to 

0.90 
75,80,116,121

. The magnitude of agreement and width of the confidence interval 
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demonstrated that DXA-LPC method is highly repeatable which agrees with Chinnapen-

Horsley et al. who found excellent agreement (mean coefficient of variation=1.6%)
80

.  

A limitation of the repeatability study may be that assessor 4 measured limb length 

two times with an interval of one week between measurements. While one week is a 

relatively short interval for reassessment, the interval is supported by several comparable 

repeatability studies
123-126

. Furthermore, repeatability study results provided necessary 

evidence to support the PI using the LPC method to measure limb lengths and assess 

LLD on all available scans. Additional strengths are that this was the first study to 

determine the repeatability of the DXA-LPC method in hip fracture population.    

c. Conclusion 

While all methods for measuring LLD are subject to measurement error, this 

study aimed to establish the DXA-LPC method for the measurement of LLD as 

reproducible, valid and repeatable. The study determined that although reproducibility 

results were moderate, the measurement technique demonstrated excellent validity and 

repeatability. 

Reproducibility findings may cast some concern regarding accuracy of the limb 

length measurements as this is the first study to explore this measurement technique in 

hip fracture patients. Perhaps future studies should further examine how the expert 

assessors compared to actual measurement of limb lengths from hip fracture patients 

using a clinical or direct-slit scanogram technique and then compare to measurements 

captured from the same patients using a DXA scan. Advances in DXA technology may 

also improve reproducibility. 
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The assessors measured limb lengths on 19 DXA scans. While more scans could 

have been measured, a systematic review of agreement studies indicate that only a sample 

size of ten is needed for testing for agreement with new measurement methods
75,112

. They 

also note that four assessors rather than fewer improve the agreement results 
75,112

. 

Another limitation was that the smallest unit of measurement was one pixel unit or 1.303 

cm. To put this into perspective, one pixel unit is approximately 3% of the length of an 

average female adults’ femur. Therefore, if an assessor were to incorrectly measure limb 

lengths by one pixel unit, the femur length might be incorrectly measured by ±3% of a 

participants’ true femur length. We attempted to account for this limitation by testing for 

reproducibility by using three assessors, and using the average of the experts’ 

measurements in the validity study; which we believed would provide us with a more 

accurate measurement of limb length.  

Finally, variation in participant positioning in the original  DXA image could be a 

limititaion
80

. Improper positioning of the femur, at an angle as opposed to in parallel to 

the scanner table might interfere with an assessors’ ability to select and measure from 

appropriate measurement landmarks. To account for this factor, assessors were instructed 

not to measure scans where measurement landmarks were not visible. Of the twenty 

scans, only one scan was immeasurable due to a corrupted file.  

There are several noteworthy strengths. First, to our knowledge, the DXA-LPC 

method has never been assessed in a hip fracture population. Second, measurements of 

LLD utilized the unique expertise of assessors with a breadth of knowledge in hip 

fracture surgical procedures, physiology, body composition, and densitometry analysis. 

Thirdly, the study captured measurement of LLD from a sample of BHS-4 cohort 
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participants who were randomly selected by time-point and fracture type which extends 

the generalizability of our findings. 

This is the first to examine the DXA-LPC method to measure limb lengths in hip 

fracture patients and it builds on previous DXA-LPC studies and shed light on the 

challenges, limitations and strengths of using the method. Lastly, these results provide 

necessary confidence that our measurement technique accurately measures limb length 

and that it is appropriate for assessor 4 (study PI) to use the measurement technique to 

assess for all available DXA scans, which will provide the key independent variable for 

Aims 2 and 3.  
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 Chapter 5 Aim 2 Results and Discussion 

a. Results 

i. Participant Characteristics  

Baseline participant characteristics are described by LLD categories for aim 2 in 

Table 5.1. At baseline, 16 (25%) of hip fracture participants experienced mild LLD 

(LLD<10mm), 44 (69%) experienced moderate LLD (10≤LLD<30mm) and 4 (6%) 

experienced severe LLD (LLD≥30mm).  The mean age was 82.8 (SD=6.2). Overall, 

participants were white (90.6%), had a high school education (65.6%) and were widowed 

(59.4%). Clinical measures indicated that participants were mostly underweight (51.6%), 

had a Charlson index score of 1.14 (SD=1.49), were surgically stabilized by internal 

fixation (64.1%) and reported excellent general health (64.1%). The mean number of 

limitations in lower extremity ADLs was 1.87 (SD: 2.0) and the mean MMSE score was 

26.3 (SD= 2.6). 

Body mass index (BMI) and mean Charlson Comorbidity Index score statistically 

differed between the three LLD categories (p-values-BMI: 0.02; Charlson: 0.001). 

Participants with mild LLD were majority normal weight (56.3%), while participants 

with moderate LLD were more mostly underweight (63.6%); there was an even 

frequency of participants with severe LLD that were normal weight and overweight 

(50%). The mean Charlson comorbidity index score was highest for those with severe 

LLD (3.75; SD: 2.6) and lowest for those with moderate LLD (0.93; SD: 1.2). Although 

additional baseline characteristics did not statistically differ between the three LLD 

categories, a greater proportion of individuals with severe LLD had a higher average 

number of limitations in lower extremity ADLs (severe: 3.3 vs. moderate: 1.6 vs mild: 
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2.2). There were no apparent category differences in education, marital status, surgical 

type and rating of excellent general health. 
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ii. Distribution of LLD at each time point 

Frequencies of LLD status are illustrated by study time point in Table 5.2 and 

Figure 5.1a -b, respectively. Overall, prevalence results indicate that a majority of 

participants experienced discrepancy of limb length greater than or equal to 10 mm 

during the year after a hip fracture (Baseline: 75%; 2-month: 82%; 6-month: 67%, and 

12-month: 65%). At each time point, a majority of study participants had moderate LLD 

(10≤ LLD <30 mm) (Baseline: 68.8%, 2-month: 75.7% 6-month: 58.2%, and 12-month: 

54.2%), some participants experienced severe LLD (LLD≥30mm), (Baseline: 6.3%, 2-

month: 6.8%, 6-month: 8.9%, and 12-month: 11.4%). From 2-month to 6-month, those 

participants with mild and moderate LLD experienced more than 10% change in 

frequency. We questioned if changes in group frequencies reflected within-person change 

in absolute LLD over time or if frequency changes were a function of increased sample 

size with new participants entering and exiting LLD categories at a particular time point. 

Therefore, we further examined the relationship between within-person measurements of 

LLD and time. 
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Figure 5.1a Frequency of study participant in each LLD group at each time point 

 
 
 
 
Figure 5.1b Frequency of study participants at each time point in each LLD group 
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Table 5.2 Frequency of LLD at each time point 

  
Mild LLD Moderate LLD Severe LLD 

 (LLD<10mm) (10≤LLD<30mm) (LLD≥30mm) 

Time Freq. % Freq. % Freq. % 

Baseline (n=64) 16 25.00% 44 68.75% 4 6.25% 

2-month (n=74) 13 17.57% 56 75.68% 5 6.76% 

6-month (n=79) 26 32.91% 46 58.23% 7 8.86% 

12-month (n=70) 24 34.29% 38 54.29% 8 11.43% 

iii. Relationship between LLD and time 

Frequency matrices of directional LLD measurements are described in Tables 

5.3.a-c.   These initial exploratory analyses required participants to have a LLD 

measurement at baseline and at least one other LLD measure at  a follow-up time point 

(2, 6 or 12 month). Cell values represent the number of participants with the measured 

directional LLD between baseline and follow-up time points. Table 5.3 a. shows that for 

the majority of participants (n=30; 62.5 %), directional LLD measurements decreased 

(n=16; 33%) or remained the same (n=14; 29%) between baseline and 2-months.Similary 

between baseline and 6-months, most (n=33; 68.8%) participants decreased in directional 

LLD (n=17; 35%) or remained the same (n=16; 33%) (Table 5.3b). This pattern persists 

for baseline to 12-months (Table 5.3c). These results indicate that LLD measurements 

decreased or remained the same overtime within a person and suggest that directional 

LLD measurements did not substantively change over the year of post fracture recovery. 
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Table 5.3.a Matrix of frequency of LLD measurement between baseline and 2 months  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.3.b. Matrix of frequency of LLD measurement between baseline and 6 months 

 
6-month (n=48) 

Baseline -4 -3 -2 -1 0 1 2 3 4 

-4                   

-3                   

-2           1~   1   

-1   1   3* 3~         

0       
 

7* 2 2     

1     1 2 3~ 2* 2   1 

2         5~ 5~ 4*     

3         1~   1~     

4               1~   
◊Measurements are in pixel units (1 pixel unit= 13.03mm) 
~ indicates a decrease in directional discrepancy; 
*indicates no change in discrepancy 

 
 
  

 
2-month (n=48) 

Baseline -4 -3 -2 -1 0 1 2 3 4 

-4                   

-3                   

-2       1~   1       

-1     2 1* 2~   1     

0     1 2 4* 4       

1         3~ 5* 2   1 

2     1 2 1~ 7~ 4* 1   

3             1~     

4           1~       
◊Measurements are in pixel units (1 pixel unit= 13.03mm) 
~ indicates a decrease in directional discrepancy; 
*indicates no change in discrepancy 
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Table 5.3.c Matrix of frequency of LLD measurement between baseline and 12 months 

 
12-month (n=41) 

Baseline -4 -3 -2 -1 0 1 2 3 4 

-4                   

-3                   

-2         1         

-1 1   1 3* 1~         

0   1 1 3 1* 2       

1     1 1 4~ 2* 2 1   

2   1 1 1 4~ 4~ 1*     

3         2~         

4                 1* 
◊Measurements are in pixel units (1 pixel unit= 13.03mm) 
~ indicates a decrease in directional discrepancy; 
*indicates no change in discrepancy 

 

Correlation coefficients for measurements by time are described in Table 5.4. The 

correlation coefficients indicated positive and moderate correlational relationships 

between each study visit. LLD measurements captured at baseline were least correlated at 

each time point (2-month: 0.38775, 6-month: 0.33812, 12-month: 0.42698); the 

correlation between LLD measurements at baseline and 6-month was the weakest. Each 

time point was most correlated with the 12 month measurement (baseline: 0.42698, 2-

month: 0.48790, and 6- month: 0.48903); the correlation between LLD measurements at 

6 and 12-month was the strongest.  Correlation results suggest that measurements are 

moderately correlated during the year post fracture. 

 
Table 5.4 Correlation Coefficient Matrix of LLD measurements at each time point 

  Baseline 2-month 6-month 12-month 

Baseline 1 0.38775 0.33812 0.42698 

2-month 0.38775 1 0.39267 0.48790 

6-month 0.33812 0.39267 1 0.48903 

12-month 0.42698 0.48790 0.48903 1 
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Table 5.5 provides the mean estimate of absolute LLD at each time point.  

General linear modeling tested the difference in mean absolute LLD (mm) between 

baseline and each time point, accounting for within-person correlation. Additionally, we 

tested the difference in mean absolute LLD between various time point combinations. 

Mean absolute LLD from baseline to 2-month was constant (15.66 mm vs 16.07 mm; p-

value =0.82). Similarly the mean LLD from 6-month to 12-month was constant (13.38 

mm vs. 13.76 mm; p-value=0.84). The greatest difference in mean LLD occurred from 2-

month to 6-month (16.07 mm vs. 13.38 mm); however, this decrease was not statistically 

significant at an alpha level of 0.05 (p-value=0.11).  The results of the omnibus test 

indicated that though the mean LLD decreases over time, the decline is not statistically 

significant between any time points (p=0.23). 

Table 5.5 Generalized linear model of LLD during the 1 year post hip fracture  

Time 
Mean Estimate (mm) 

(95% CI) 
Standard Error P-value 

Baseline 15.67 (12.76,18.63) 1.43 -- 

2-month 16.08 (13.42,18.63) 1.30 0.82* 

6-month 13.38 (10.68, 16.16) 1.43 0.22* 

12-month 13.77 (10.55,16.93) 1.56 0.38* 

2-month vs. 6-month -- -- 0.11¥ 

2-month vs. 12-month -- -- 0.23¥ 

6-month vs. 12-month -- -- 0.84¥ 

Omnibus -- -- 0.34¥ 
*P-value tests the difference in mean LLD between baseline and each time point (alpha=0.05) 

¥P-value tests the difference in mean LLD between various time point (alpha=0.05) 

 

Overall, results from aim 2 analyses indicate that the majority of hip fracture 

participants experienced moderate LLD (10≤LLD<30mm) at all study time points 

(Baseline; 68.8%; 2-month: 75.7%; 6-month: 58.2%; 12-month: 54.2%) and a few 

participants experienced severe LLD (LLD≥30 mm) (Baseline: 6.3%, 2-month: 6.8%, 6-

month: 8.9%, and 12-month: 11.4%). Results also show that measurements of LLD were 
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relatively stable during the year following a hip fracture.  Although LLD slightly 

decreased during the year following a hip fracture, such a decrease was not statistically 

significant and therefore, future analyses will treat LLD as a time-invariant variable.  
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b. Discussion 

The purpose of aim 2 was to determine the prevalence of varying degrees of LLD 

in a hip fracture population and examine potential changes in LLD during the year post 

fracture. Prevalence results indicate that 75% of hip fracture participants experienced 

LLD greater than or equal to 10 mm at baseline and the prevalence remained relatively 

stable over time. The most prevalent discrepancy category consisted of participants with 

moderate LLD (10mm≤LLD<30mm) (Baseline; 68.8%; 2-month: 75.7%; 6-month: 

58.2%; 12-month: 54.2%), but a few participants experienced severe LLD (LLD≥30 mm) 

(Baseline: 6.3%, 2-month: 6.8%, 6-month: 8.9%, and 12-month: 11.4%). 

The interpretation of the prevalence values is largely dependent on the manner in 

which discrepancy is defined and should be considered in the context of clinical 

significance 
26,28

. For these reasons, perhaps the most difficult aspect of LLD research is 

the inconsistent reported values ranging from 4% to 95% 
26-28,82

. This is due in part to a 

lack of general consensus on what constitutes LLD and major methodological variations, 

including differences in study population and measurement technique. For example Lang 

et al. found 83% prevalence of limb lengthening in Total Knee Arthroplasty patients 

when comparing pre and post-operative standing radiographs; average lengthening was 

5.2 mm for varus alignment and 8.4 mm for valgus alignment
103

. Zielinski et al. found 

femoral neck shortening measured from digital radiographs on 40% (n=30) of femoral 

neck fracture patients who complained of LLD following surgery (median femoral neck 

shortening was 11 mm) 
104

. Femoral neck shortening was also associated with an 

increased perception of LLD (76% of patients with severe femoral neck shortening 

perceived LLD) 
104

. 
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While no study to date has examined the prevalence of LLD in a hip fracture 

population, a few have examined LLD in the elective THA population, a patient 

population that undergoes one of the same surgical procedures as hip fracture patients. 

Prior to this study, we were limited in our ability to determine the prevalence of LLD in 

the hip fracture patient population, because the LLD studies of THA patients do not 

account for unique factors such as older age, poorer condition of the fractured 

osteoporotic bone, overall poorer health status and impact of the traumatic and sudden 

fracture event associated with a hip fracture patient 
35

.   For example, due to the sudden 

fracture event, it is difficult to obtain pre fracture limb lengths when measuring 

prevalence of LLD in the hip fracture population. Therefore, prevalence studies reflect 

LLD measurements where the fracture and non-fracture limbs are compared. This 

comparison assumes the non-fractured limb length was the same as the pre-fractured limb 

length, an assumption that could bias the results if not correct. Nonetheless, inconsistent 

reporting of LLD prevalence in the elective THA population present an array of 

prevalence rates that range from 20% to 94%. Garcia-Juarez et al. found prevalence 

values for categories of discrepancy in 252 THA patients: 45.6% (LLD<10 mm); 28.2% 

(10mm<LLD< 20mm); 2.4% (LLD> 20mm); 23.8% no discrepancy). Konyves and 

Bannister found 82% (n=74) of THA patients experienced limb length lengthening as a 

result of surgery
21

.  As our prevalence values are in the range of comparable LLD studies 

(10mm≤LLD<30mm: Baseline; 68.8%; 2-month: 75.7%; 6-month: 58.2%; 12-month: 

54.2%) our study adds significantly to previous LLD research by describing the 

prevalence in a hip fracture patient population, which has not been studied. Our 
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prevalence results provide evidence to suggest that a significant number of hip fracture 

patients experienced LLD during the 12-month post fracture.  

We also assessed the relationship between LLD and time over the year after hip 

fracture. The within-person mean absolute LLD declined from baseline to 12-months; the 

mean slightly increased at 2-months, experienced a decrease at 6-month and slightly 

increased by 12-month (Baseline: 15.66 mm, 2-month: 16.07 mm, 6-month: 13.38 mm; 

12-month: 13.76 mm). Although, the difference in mean was not statistically significant 

across any time point within-person, the results indicated that LLD decreased the most 

between 2 and 6 months (16.07 mm vs. 13.38 mm). This may be due to the fact that after 

hip fracture surgery, patients begin weight bearing activities starting at 50% of their body 

weight and reach 90% of their body weight by 12-week post-surgery. During this time 

compression at the fracture site may occur, which increases stability, promotes healing at 

the site and could affect discrepancy. While our results suggest a slight overall decrease 

in LLD over the year post fracture, there is no evidence in orthopedic literature to support 

this contention. These findings must be considered in the context of different study 

parameters (differences in clinical characteristics, quality of bone, trauma to bony 

structure, surgical repair, and implant, etc.). One study found that perceived LLD did not 

change over one year in 86% of THA patients
21

. One limitation of that study was that 

perceptions of LLD were not followed-up with actual measurements of LLD to determine 

if perceived and actual LLD were in agreement. Nonetheless, these results are consistent 

with our findings that LLD does not appear to significantly change during the year post 

hip fracture. 
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Overall this aim showed that LLD is highly prevalent in the hip fracture 

population and there are minimal changes in the magnitude of discrepancy within-

participants during year post hip fracture. This study has a few limitations that should be 

mentioned when interpreting results. First, although the DXA-LPC method was 

validated, found reproducible and repeatable, the influence of some level of measurement 

error is unavoidable. As described in chapter 3, numerous efforts were performed to 

reduce the potential influence of measurement error. Due to the potential presence of 

measurement error and results which support a lack of temporal change in LLD during 

the year post fracture, future analyses may consider treating LLD as a time-invariant 

variable. Another limitation was that these studies were conducted in a hip fracture 

population of all women who were 91% white, which limits the generalizability of these 

results to men or a population more ethnically diverse.  

This study does however have several strengths. First, to our knowledge this is the  

first study to measure for LLD in the hip fracture population. Additionally, this study is 

the first to determine the prevalence of varying degrees of LLD in a hip fracture 

population. This is very important because prior to this study LLD was well documented 

as a common complication following surgical stabilization of the hip fracture and we are 

now able to quantify the impact a range of LLD in the fracture population. Determining 

the scope of the problem of LLD will assist in the examination of mechanisms that 

potentially interfere with the post fracture recovery process.  

Second this is the first study to examine temporal characteristics of varying 

degrees of LLD over the 12 month post hip fracture, which is important because it 

suggests periods during the year post fracture where various interventions may improve 
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recovery. Unlike other studies, this study did not define LLD with measurement cut 

points. We instead determined prevalence of varying degrees of LLD. We believe this 

approach is a strength because LLD research lacks a general consensus on how LLD 

should be defined and this approach allows for a more comprehensive and less restrictive 

investigation of   the prevalence of LLD. 

c. Conclusion 

This study is the first to quantify the impact of varying degrees of LLD and 

determine the temporality of LLD during the year post fracture. Our findings indicate that 

LLD was prevalent and discrepancy did not significant change during the year following 

hip fracture. While these results demonstrate that LLD is present in the hip fracture 

population, what remains unclear is how varying degrees of LLD impact the recovery 

process of a hip fracture patient. Is LLD associated with functional and health-related 

outcomes during the immediate recovery period? Is the impact of varying degrees of 

LLD on hip fracture recovery outcome-specific? Is there a time during the 12 months 

post fracture when the relationship between LLD and various health outcomes is 

strongest? If so, how and when might future intervention studies most improve post 

fracture recovery? Future research studies should investigate these questions to further 

elucidate how LLD impacts hip fracture recovery. 
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Chapter 6 Aim 3 Results and Discussion 

a. Results 

i. Local Regression Exploratory Analyses 

Local regression or loess plots display a smooth line or curve through the scatter 

plot of data providing insight on potential trends and illustrating the relationship between 

LLD and each outcome (Figures 6.1 a-i). For each loess plot, the x-axis reflects the 

absolute cumulative average LLD measurement for each participant. Based on results 

from aim 2, it was shown that the LLD did not significantly vary during the 12 months 

post fracture; therefore, the absolute mean LLD value reflects the absolute average of 

multiple assessments of LLD for each participant. The y-axis reflects repeat 

measurements of each outcome measure captured during each study visit. Results of the 

local regression analyses were used to categorize LLD status by determining if on 

average there were apparent cut-points of absolute LLD measurements that illustrated a 

strong relationship between LLD and each outcome. While a variety of smoothing 

parameters were explored (i.e. smooth=0.05, 0.1, 0.3, and 0.5), we determined that a 

smooth parameter of 0.75 most appropriately modelled the data. Loess plots of LLD and 

outcome data failed to provide strong evidence which support major cut-points where the 

relationship between LLD and each outcome were apparent.  Therefore for aim 3, we 

treated LLD as a continuous variable and also as a categorical variable. Our 

categorization of LLD was guided by comparable research studies that examined the 

effects of LLD on various health outcomes 
27,28,74,101-104

 . Gurney et al. indicate there 

appears to be a breakpoint between 20 and 30 mm with regard to the effect of LLD on 
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functional and health-related outcomes in older adults. These findings and LLD research 

support our categorization of LLD as mild (LLD < 10 mm), moderate (10 ≤LLD > 30 

mm) and severe (LLD ≥30 mm) 
18,28

. 
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Figure 6.1 (a-i) Loess Fit with Smoothing Parameter 0.75  

 

a. Lower Extremity Function (LEGS) 

 
 

b. Physical Activity (kcals/week) (YPAS) 
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c. Physical Activity (hours/week) (YPAS) 

 

d. Mobility 
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e. Pain (general) 

 
 

f. Pain (hip) 
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g. Falls 
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ii. Participant Characteristics 

Baseline participant characteristics are described by LLD categories for aim 3 in 

Table 6.1. At baseline, 49 (47.5%) of 103 hip fractures participants experienced mild 

LLD, 47 (45.6%) experienced moderate LLD and 7 (6.7%) experienced severe LLD. The 

mean age was 82.7 (standard deviation=5.7). Overall, participants were white (93.2%), 

reported a high school education (55.3%) and were widowed (56.3%). Clinical measures 

indicated that participants were mostly underweight (46.6%), had a mean Charlson 

comorbidity index score of 1.15 (SD=1.35), were surgically stabilized by internal fixation 

(62.1%) and reported excellent general health (63.1%). The mean number of limitations 

in lower extremity ADLs was 2.0 (SD= 2.1) and the mean MMSE score was 26.5 (SD= 

2.7). 

Body mass index was the only baseline characteristic that statistically differed 

between LLD categories (p=0.04). Those with moderate LLD were more likely to be 

underweight (53.2%) while those with severe LLD were more likely to be obese (28.6%). 

When compared to those with mild or moderate LLD, a greater proportion of individuals 

with severe LLD had less than a college education (85.7% vs 57.1% (mild) vs 48.9% 

(moderate)), reported  an annual income less than  $25,000 (42.9% vs 28.6% (mild) vs 

36.2% (moderate)) and were surgical stabilized by internal fixation (100% vs 59.2% 

(mild) vs 59.6% (moderate)). A greater proportion of individuals with moderate LLD 

suffered from multiple comorbidities (40.45% vs 28.6% (mild) vs 28.6% (severe). There 

were no apparent group difference in marital status, rating of excellent general health, 

mean lower physical ADL limitations, and cognition (MMSE).
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iii. Relationship between LLD and outcomes 

We did not observe a pattern of time-specific differences for study outcomes 

when treating LLD as a continuous variable or as a categorical variable (results not 

shown). We therefore removed the LLD by time interaction variable to achieve a more 

parsimonious model in order to (1) evaluate the association between LLD and outcomes, 

(2) calculate the longitudinal mean differences in outcomes between LLD groups and (3) 

calculate the association between LLD and outcomes at12-month post fracture.  The 

regression models accounted for within participant correlations (when appropriate) and 

adjustments were made for covariates (age, Charlson comorbidity index, lower physical 

ADLs, BMI, exercise group and fracture type (internal fixation)) selected a priori. 

Table 6.2 displays the association between LLD and each outcome. The estimate 

value indicates the expected change in each outcome per unit (millimeter) change in 

LLD. Adjusted results suggest that on average for every unit (mm) change in LLD, lower 

extremity function decreased by 0.08 units (p=0.25; 95% CI[-0.22,0.06]), mobility 

decreased by 0.05 units (p=0.29; 95% CI [-0.14,0.04]), physical activity decreased by 

4.65 kcals/week (p=0.84; 95% CI [-50.87, 41.57])  and physical activity decreased by 

0.08 hrs./week (p=0.47; 95% CI [-0.30,0.14]). The mean general pain score decreased by 

0.05 units (p=0.06; 95% CI [-0.10, 0.001]); the mean hip pain score decreased by 

0.00993 units (p=0.65; 95% CI [-0.05, 0.033]); and the mean number of falls increased 

by 0.01 falls (p=0.16; 95% CI [-0.003, 0.02]). There results suggest adverse associations 

for functional outcomes with declines in lower extremity function, physical activity, 

mobility and increase in falls per unit (mm.) change in LLD. Conversely results suggest 
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positive associations for health-related outcomes with increases in hip pain and general 

pain; associations were however not statistically significant (Table 6.2).   

 

Table 6.3a-b displays the mean differences in functional and health-related 

outcomes in study participants between three categories of LLD. Estimate values indicate 

the mean unit change in functional outcomes as compared to the mild LLD group.  

Adjusted results show that on average, when compared to participants with  mild LLD, 

participants with severe  LLD experienced poorer lower extremity function ( -3.38 units; 

95% CI:-9.11,2.35; p=0.25); fewer mobility (-2.77 units; 95% CI: -6.44,0.91; p=0.14); 

fewer kcal/week of physical activity (-477.8 kcal/week; 95% CI:-2376.77,1421.17; 

p=0.62); less hrs./week of physical activity (-3.27 hrs./week; 95% CI: -12.43,5.87; 

p=0.48); less general pain (p=0.20), and experienced a higher average number of falls  

(0.54; 95%CI: 0.16,0.93; p=0.006). Results did not support a substantive effect of LLD 

category on hip pain (-0.00917 units; 95%CI: -1.74, 1.72; p=0.99). Similar to previous 

main association results, overall mean difference results suggest a decline in functional 

outcomes, but a reduction in pain between mild and severe LLD groups. Furthermore, 
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there was a potential dose-response effect by LLD severity for functional outcome 

measures (Table 6.3a). For example participants with moderate LLD scored 1.26 units 

lower on LEGS (p=0.38) compared to participants with mild LLD and this difference 

nearly doubled when comparing those with mild LLD to those with severe LLD (mean 

difference: -3.38 units; p=0.25). These results suggest LLD severity exacerbates the 

adverse relationship between LLD and poor functional outcomes. 

  



 

103 
 

 

 

  



 

104 
 

 

  



 

105 
 

 

Tables 6.4a-b display the association between LLD group and 12-month outcome 

measures. The estimate value expresses the mean unit difference in outcomes for each 

LLD group (reference group: mild LLD); the p-values test the between-group difference 

in outcomes at 12-months. Adjusted functional outcome results indicate that when 

compared to participants with mild LLD, participants with severe LLD had a lower score 

on LEGS (-1.97 units; 95% CI: -8.28, 4.33; p=0.53), exerted less kcal/week (-348.08 

kcal/week; 95% CI:-2676.19,1980.03; p=0.77) and spent hours/ week (-2.63 hours/week; 

95% CI:-14.55, 9.27; p=0.66) in physical activity, performed worse on the mobility 

measures (-3.11 units; 95% CI:-7.63, 1.41; p=0.17) and reported a greater average 

number of falls; however only the  unadjusted and adjusted results for average number of 

falls was statistically significant (p=0.005) (Table 6.4 a). Results also indicate that those 

with severe LLD reported less general pain (-1.039 units; 95%CI:-4.07, 2.00; p=0.50) and 

less hip pain (-0.443; 95%CI:-2.85, 1.96; p=0.71) (Table 6.4 b).Overall, adjusted mean 

difference results suggest that at 12-months, participants with severe LLD perform worse 

on all functional outcome measures when compared to participants with mild LLD. The 

opposite association was indicated for general and hip pain, in that participants with 

severe LLD expressed less general and hip pain when compared to participants with mild 

LLD; however results were not statistically significant.  

In summary Aim 3 results indicate there is an adverse relationship between 1 unit 

increase in LLD and functional outcomes; the relationship between LLD severity and 

falls being most significant. In general, participants with severe LLD experience poorer 

functional outcomes when compared to participants with mild LLD.  Lastly, 12-months 
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after a hip fracture, the mean difference in functional outcomes is worse for participants 

with severe LLD when compared to those with mild LLD. In contrast, results suggest, the 

opposite associations were observed between LLD and pain where participants with 

severe LLD expressed less general pain and hip pain.  
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b. Discussion 

Several research studies provide evidence of an adverse relationship between 

LLD and  chronic low-back pain 
29

, osteoarthritis of the hip and knee 
30

, stress fractures 

31
, aseptic loosening of hip prostheses 

32
, standing balance 

33
, forces transmitted from the 

hip 
34

, nerve palsy 
27

 and gait abnormalities 
28

. These studies, which are often conducted 

in children, healthy young adults, or TKA patients, are generally in collective agreement 

that LLD magnitude predicts poorer health outcomes, that is, consequences are worsened 

by LLD severity 
18,28

 .  While research also supports the notion that LLD is a common 

complication following a hip fracture, there is a paucity of research examining such 

consequences in hip fracture patients. Therefore we aimed to determine the potential 

influence of LLD on post fracture recovery by examining the association between LLD, 

and its magnitude, and functional and health-related outcomes during the year following 

a hip fracture. Similar to previous LLD research, the results indicate LLD is adversely 

associated with functional outcomes which included lower extremity function, physical 

activity, mobility and falls. In contrast to LLD research, this current study did not observe 

an adverse relationship between LLD and pain, general or hip pain. 

i. Lower Extremity Function and Mobility 

We found that on average, those with severe LLD (30+ mm) performed worse on 

functional outcome measures when compared to participants with mid LLD (less than 

10mm). Furthermore at 12-months post fracture, the same associations persisted for all 

functional outcome measures. These findings are consistent with LLD studies which 

suggest that LLD plays an active role in altering walking cadences, decreasing balance, 
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causing gait abnormalities and negatively impacting lower extremity muscle 

activity
18,26,28,102

. 

Taking a closer examination of the specific functional measures, we found that 

although declines in lower extremity function, as measured by the LEGS and mobility  

score, were not statistically significant between the LLD groups, declines were clinically 

significant. For example our results show that those with severe LLD on average scored 

3.38 units less on the LEGS score than those with mild LLD. Additionally results showed 

a potential dose-response effect as the mean difference between the mild LLD group and 

moderate group also showed decline in LEGS score of 1.26 units. While the difference 

between the mild and severe LLD was attenuated at 12-months, the mean difference was 

1.97 units. As indicated by Hawks et al., a 2-unit difference in LEGS score is clinically 

meaningful and suggests disparities in lower extremity function in the older adult, hip 

fracture population
106

.  Therefore, we believe our results support our hypotheses and 

suggest that those with greater degrees of LLD have more limitations with lower 

extremity performance tasks. 

Similarly mobility  (gait and balance) outcome results indicate that those with 

severe LLD on average scored 2.77 units less than those with mild LLD; at 12-month, the 

difference was greater, as those with severe LLD scored 3.11 less than those with mild 

LLD. We feel this is clinically meaningful because longitudinal hip fracture studies 

utilizing this same mobility measure indicate that poor overall mobility increases risk of 

mortality by 10% and 1-unit change in mobility increases the odds of nursing home 

placement by 10% 
13

. In addition, our mobility findings are supported by several LLD 

studies 
18,26,28,104

. Gurney et al. examined the effects of artificially induced LLD on gait 
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economy and found 40 mm of LLD significantly impacts left plantar flexor activity, LLD 

of 30 and 40 mm on quadriceps activity, which they suggest leads to significant 

quadriceps fatigue and negatively impact function.
28

. 

ii. Physical Activity  

Physical activity results showed that those with severe LLD participated in less 

physical activity, both in hours spent and kcals exerted per week, when compared to 

those with mild LLD. Though these results were not statistically significant, they shed 

light on how severe LLD may interfere with an older adult’s daily activity. These results 

were supported by Gurney et al. who captured physical activity of older adults with 

artificially-induced LLD using measurements of energy consumption and minute 

ventilation. Study results indicate that participants with LLD of 20, 30 or 40 mm had 

significantly greater oxygen consumption when compared to participants without LLD; 

percentage increases of oxygen consumption were 5%, 9% and 13%, respectively 
28

. 

They concluded that older adults with various pulmonary, cardiac and neuromuscular 

diseases may experience greater difficulty walking and participating in physical activities 

with discrepancy as small as 20 mm 
28

. 

While our results support a negative relationship between LLD and physical 

activity, the associations were not apparent as with the actual performance measures, 

which could be explained by the manner in which physical activity was captured. While 

the YALE Physical Activity Scale has been shown to be reliable and valid in assessing 

physical activity and exercise in older adults, the scale is subject to reporting and recall 

bias as it requires older adults to recall intensity and duration of time spent on a variety of 

physical activities during the past week 
108,127-129

.  Perhaps future studies should examine 
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more objective measures, such as three-dimensional accelerometers pedometers, and 

activity trackers, that capture real-time biomechanical and physiological consequences of 

performing physical activity and do not rely on self-report 
129

. Nonetheless, this study did 

show an adverse association between LLD severity and physical activity. 

iii. Falls 

Among examined functional outcomes, the association between number of falls 

and severity was the strongest and statistically significant. We found that those with 

severe LLD experienced on average 0.54 more falls than those with mild LLD (p=0.006). 

Similarly, at 12-month follow-up, participants with severe LLD experienced an average 

of 1.28 more falls than those in the mild LLD group (p=0.005). Our results are supported 

by LLD research which postulates that while walking, those who suffer from moderate to 

severe LLD must step down on the shorter limb and step off of the longer limb resulting 

in vertical displacement of center of mass
18,95,130

. This imbalance has the potential to 

severely increase fall risk which perhaps is why we found a statistically significant 

association between LLD severity and falls 
18,131,132

. Research suggest that 17-53% of 

older adults who sustain a hip fracture experience another fall in the 6 months post 

fracture
54,55

.  Experiencing a second fall may result in a second fracture or fall-related 

injury and there is a stark relationship between a second hip fracture and poor health 

outcomes
56

. Women who experience a second hip fracture, have a 54% increase hazard 

of death compared to those without a second fracture (HR = 1.54, 95 % CI 1.46-1.63)
55

. 

Considering these statistics, our findings suggest that those with LLD may be at greater 

risk of experiencing a fall or fall-related injury and possibly a second fracture; thus 

placing those with LLD at increased risk of functional decline, chronic pain, depression
9
, 
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cognitive and mood disorders
10

, disability, loss of independence, admittance to a nursing 

home facility and mortality.  

iv. Pain 

We found that on average, those with moderate and severe LLD reported lower 

ratings of general pain when compared to those with mild LLD; this pattern was also 

observed at 12-month. These results are inconsistent with LLD research which suggests 

that there is a positive relationship between LLD and pain
18,25,28,29,102

. Giles and Taylor 

reported that 13-22% of all patient sought medical treatment for lower back pain (LBP) 

had LLD of 10 mm or more 
29

. Similarly, Friberg performed a case-control study of 

patients with and without LBP (n=653)
102

. Results from the study found that LLD 

prevalence of 5mm and 15mm were 1.7 times and 5.3 times greater in LPB patients
102

.  

In a survey of running injuries in male and female competitive and recreational runners 

(n=1493), hip pain was reported twice as often in runners with self-reported LLD 

compared to runners without LLD
18,74,89

 A few LLD studies found no correlation between 

LLD and pain ( hip or LBP). These latter studies were however conducted in a younger 

and healthier population
18,88,133-135

 .  

The results of this current study may be better understood with a further examination 

of the manner in which pain was measured. In the current study, we were limited in our 

ability to capture lower back pain. As previously described, general pain and hip pain 

were captured from a single-item question which required participants to rate their level 

of pain experienced during a prior week. Due to the subjective and multifaceted nature of 

pain, perhaps a multidimensional measurement scale would provide a more 
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comprehensive measure of pain
136

. Another limitation of the pain measure was that it was 

subject to recall bias because it required older adults who recently experienced a hip 

fracture to recall pain. Recollection of pain could be influenced by whether the pain is 

present on the day of interview. While number of fall was also assessed by a single-item, 

when compared to recalling pain perhaps the traumatic event of a fall may have been 

memorable and easier to recall for an older adult. Karimi et al. investigated recall bias in 

chronic low back pain patients (n=31) and healthy controls (n=31)
137

. Study results found 

that chronic LBP patients collectively did not differ from healthy controls. They found 

that recall bias was a key factor for patients familiar with experiencing pain. Moreover, 

they conclude that individual pain response pattern may be more clinically meaningful 

than pain measures, which often only provide indications of pain being present 
137

.  

This aim has several limitations. First, results from aim 2 showed that LLD was time 

invariant, therefore we defined LLD as the cumulative average of absolute LLD 

measurement captured over 12 months; this assumption could be incorrect and could 

attenuate the effect of LLD on study outcomes. Secondly, although our results were 

mostly consistent with LLD studies, only the relationship between falls and LLD were 

statistically significant (α-level= 0.05). This may suggest that we were potentially 

underpowered to detect smaller effects on the outcomes and that future studies be done 

with a larger sample.  Another limitation was our inability to determine if individuals 

with LLD sought out shoe lift therapy to treat discomfort as a result of LLD 

consequences which could attenuate the effect on outcomes assessed. A final limitation 

was that certain study outcomes were based on self-reported single-item questions that 

may not accurately capture health-outcome. However, the study had several strengths. 
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We were able to utilize data captured from two performance measures, LEGS and the 

mobility measure, which provided a more objective measurement of function. An 

additional strength of this study was that we were able to use longitudinal data captured 

during the year following a hip fracture. Lastly this is the first study to investigate the 

relationship between LLD and seven functional and health-related outcomes in hip 

fracture cohort, which is valuable in identifying the possible impact of interventions, such 

as shoe lift therapy, to reduce falls and functional decline post fracture. 

c. Conclusion 

In conclusion, our study findings are consistent with comparable LLD research in 

that there is an adverse relationship between LLD severity and functional outcomes. . 

Most importantly, there was a significant effect of severity of LLD on falls over the year 

post fracture. Although the other relationships were not statistically significant, results 

showed clinically meaningful associations between LLD severity and lower extremity 

function and mobility. Future studies should examine utilizing more objective 

measurements of physical activity and assess pain with a more comprehensive and multi-

dimensional scale that measures for lower back pain and other relevant body regions, and 

capture data on shoe lift therapy. 

  



 

116 
 

Chapter 7 Dissertation Discussion 

a. Summary 

This dissertation is the first study to examine LLD in hip fracture patients during the 

year following a hip fracture. As part of this investigation, we assessed measurement 

agreement of the DXA-LPC limb length measurement technique in whole-body Hologic 

DXA scans, where we found moderate reproducibility and excellent validity and 

repeatability. DXA scans collected as part of the parent study provided an alternative 

measurement for assessing LLD when X-rays or other measures were not available. This 

technique provided the ability to measure LLD in a high risk patient population in order 

to assess the prevalence of LLD among hip fracture patients. We were able to take 

advantage of the longitudinal data available to test its association with important health 

outcomes that can impact recovery 12 months after the fracture.  

With excellent validity and repeatability, we were able to use the LPC method to 

assess LLD on all DXA scans at each time point of the study (baseline and 2, 6, and 12 

months). Therefore, this study is the first to report prevalence of LLD in hip fracture 

patients during the year following a fracture. We found that approximately 73% of 

participants experienced LLD greater than and equal to 10 mm and that the mean 

discrepancy over 12-months was 14.72 mm. Additionally, 8.4% of participants 

experienced discrepancy of 30 mm and greater . We also concluded that LLD did not 

significantly change over the year following a fracture.  These findings strongly suggest 

that LLD in hip fracture patients is high and that patients suffer from the complication 

during a critical period of the hip fracture recovery process. Since it is known that LLD 

causes significant functional limitations including major gait abnormalities, mobility, and 



 

117 
 

overall lower extremity function, these findings highlight the need for perioperative 

strategies to decrease LLD prevalence.  

Given the high prevalence of LLD that we found in the patient population, it was 

important to see if LLD played a role in certain aspects of recovery since a hip fracture 

confers increased mobility and functional limitations. Prior LLD research indicates that 

LLD is adversely associated with gait abnormalities, lower extremity muscle fatigue, 

standing imbalance, osteoarthritis of hip and ascetic loosening of hip prostheses 
27-32

. 

Therefore, we examined the relationship between LLD severity and various health 

outcomes during the year post fracture. We found a dose response relationship with 

severity of LLD and falls such that those with severe LLD experienced more falls by 12 

months post fracture compared to those with mild LLD. Consistent with prior LLD 

research in non-hip fracture patients, we also found clinically meaningful differences in 

various functional outcomes between LLD groups.  

We believe that functional and health-related limitations following a hip fracture 

may prove even more burdensome for a patient with LLD. Seemingly simple everyday 

tasks such as walking, stepping, and putting on shoes and most activities that require 

lower extremity may be seriously impacted. Additionally, patients may experience 

difficulty with completing physical therapy and rehabilitation activities which would 

further interfere with returning a patient to their pre-fracture function. 

Our results suggest that LLD severity plays a major role in predicting falls during the 

year following a hip fracture. This is extremely important in the older adult population 

because falls contribute to immobility, premature nursing home admittance, and even 
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death 
138

. Research suggests that most falls are associated with identifiable risk factors 

and nearly all fall risk factors can be managed with targeted intervention strategies. Given 

our results, these interventions should specifically investigate treatment measures to 

reduce falls and fall-related injury. While invasive surgical revision may be required for 

extreme LLD cases, shoe lift therapy has shown to alleviate scoliosis, gait abnormalities, 

and LBP and may decrease number of falls following a hip fracture
26

.  

b. Limitations 

This study has several limitations to consider. First, we utilized a novel measurement 

technique which used a DXA system to capture measurements of limb length. Although 

the DXA-LPC method has been shown to be reliable and valid at measuring limb lengths 

when compared to standard clinical measurement and X-ray measurement, the 

technology was not designed to measure skeletal and limb lengths, but rather to assess for 

measures of body composition including bone mineral density and fat and lean mass 
80

. 

However, the image produced by DXA allows for identifying key landmarks at the end of 

bone structures to measure skeletal lengths within pixel units, which can be converted to 

millimeters and provide limb lengths. There can be further challenges with images of 

patients who have undergone surgical stabilization of the hip with the use of a prosthetic 

implant such as proper positioning and unclear landmarks due to the surgical implant. 

Future studies should examine a comparison of the DXA-LPC method to actual 

measurement of limb length from hip fracture patients. 

Another limitation was the potential presence of measurement error. Although this 

study used trained assessors to measure limb lengths from DXA file images, accuracy of 

limb measurements depended on a number of factors including consistent positioning of 
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the body while the scans occurred and quality of the image –blurry or distorted images 

may limit visibility of measurement landmarks. To address this limitation, 

reproducibility, validity and repeatability were determined and provided moderate and 

excellent agreements, respectively.  

 Another limitation was the generalizability of our results. The hip fracture patients 

enrolled in the parent study were healthier and had greater levels of physical function 

than the general hip fracture population, in that they suffered from fewer comorbid 

conditions, were cognitively intact and were able to participate in the parent study 
14,15

. 

Therefore findings from this study may be less generalizable to the general hip fracture 

population who may experience more comorbid conditions. Additionally, the proposed 

study sample population are majority white women (94%) 
15

, thus we are limited in our 

ability to generalize study findings as it pertains to men and/ or women from ethnically 

diverse backgrounds
15,139

. We are also uncertain if major differences in anatomical 

structures between men and women may require alterations in the manner in which limb 

lengths were measured. Also, limb lengths were measured using the DXA-LPC method 

from Hologic DXA scans and we were unable to measure limb lengths from participants 

who had a Lunar scan; we are unable to determine if there are unique differences in limb 

length measurement and LLD assessment between Hologic and Lunar DXA systems.  

An additional limitation was the missing data at random assumption. General linear 

regression modeling assumes missing data is at random, meaning the chance of missing 

values is unrelated to the unobserved response. If this assumption is in fact violated, the 

modeling approach may yield biased estimates. Unfortunately, in this study, 

ascertainment of the reason for missing data is not possible.  
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An additional limitation was potential for confounding by factors that were not 

measured in the parent study. For example we are unable to determine if hip fracture 

participants sought treatment for LLD. Such shoe inserts or shoe lift therapy could 

attenuate the impact of LLD on functional and health-related outcomes.  

A final limitation was the possibility that the study was underpowered. As a general 

rule, highly powered studies, where there is at least 80% power to detect a small effect 

size is an optimal research parameter that would require a greater sample size for this 

study. While we acknowledge being underpowered was a potential limitation, for aim 3, 

there were associations between LLD and outcomes that were clinically meaningful and 

statistically significant; these findings suggest that stronger relationship could potentially 

appear with adequate power. 

c. Strengths 

This study uniquely (1) examined LLD in hip fracture patients, (2) determined its 

association with functional recovery and health-related outcomes and (3) used 

sophisticated longitudinal statistical approaches to determine the potential relationship 

with such outcomes during the year following a hip fracture.  

In addition this study measured limb lengths using a novel measurement technique 

that has been previously validated to provide measurements of limb lengths with high 

accuracy and precision, comparable to techniques currently used in clinical practice. The 

use of this novel measurement technique could potentially transform how limbs are 

measured in osteoporotic and epidemiological research. 
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This study extends research from a randomized controlled trial of hip fracture patients 

with the addition of primary data collection of limb lengths measured from whole body 

DXA scans previously captured during the parent study. Unique to this study is that the 

data set from the parent study provided longitudinal data, measures of activity and 

covariate information. We were also able to utilize data captured from two performance 

measures, LEGS and the mobility measure, which provided a more objective 

measurement of function. This research utilized the established collaborative 

infrastructure of a team of interdisciplinary investigators within the Baltimore Hip 

Studies, an internationally renowned program of research with more than 20 years of 

experience in the field of hip fracture research.  

This study determined the association between LLD and functional recovery and 

health-related outcomes and determined if the relationship changes over time. These 

findings contribute to a body of hip fracture research by improving our understanding of 

why certain hip fracture population experience great variation in post fracture recovery. 

Findings from this study have tremendous potential for determining if LLD is a possible 

mechanism that interferes with improving post fracture recovery. 

Each of the aims responded to gaps in aging research that must be addressed in order 

to advance understanding of certain biomechanical and biomedical mechanisms that have 

the potential to impact functional mobility and performance and cause disability in older 

adults. 
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d. Dissertation Implications, Public Health Relevance & Future Directions 

Given results from this study, we acknowledge limitations and strengths of the 

DXA-LPC method, but encourage its use to measure LLD in hip fracture patients if 

future studies are able to benefit from advances in DXA technology. These advances 

would need to improve DXA image quality, permit a smaller unit of measurement and 

consider 3-dimensional features of body structures, all of which would allow a more 

precise and accurate measurement of limb length. We encourage future studies to also 

consider comparing measurements of LLD in hip fracture patients using the DXA-LPC 

method with clinical assessments of LLD and scanogram methods, the ladder methods 

currently supported in LLD research 
18,26,102,140

. 

Given the prevalence of LLD in the hip fracture population, we believe LLD may 

present major challenges in regards to acute and chronic postoperative care. While there 

are several intraoperative techniques utilized to minimize LLD, research indicates that 

absolute equalization of the limb length is nearly impossible to achieve 
24

. This is in part 

due to the fact that we are replacing a foreign object in a patient’s body with the intent to 

mimic various anatomical structures and facilitate movement. Furthermore the consensus 

on acceptable and unacceptable levels of LLD following surgical stabilization of the hip 

is unclear. Therefore we wonder if we should be equally concerned with investigating 

postoperative techniques to minimize the impact of LLD.  Perhaps interventional studies 

should investigate the efficacy of shoe lift therapy on functional and health–related 

outcomes. Limited lift therapy research in older adults suggests that lift therapy should be 

implemented gradually with small increments due to various age-related changes to the 

musculoskeletal system 
26

. 
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There is much uncertainty surrounding who is responsible for intervening if LLD is 

determined present and implementation of lift therapy is often based on clinical 

judgment. As it is reported, during postoperative rehabilitation, often it is the physical 

therapist or chiropractor who notices LLD which at time causes the patient to question 

the surgical procedure. What are the roles of the orthopedic surgeon, primary care 

provider, physical therapists and all other members of the patient’s post fracture 

rehabilitation team? Are these role universally agreed? This uncertainty surrounding who 

is responsible for intervening explains why complaints of LLD are the second leading 

cause of litigation in adult reconstruction surgeries with 7.9% of all orthopedic surgeons 

participating as defendants in LLD-related legal claims 
140

. A simplistic response to the 

outlined questions is currently unknown; however, future studies should explore the need 

for perioperative LLD assessments.  

The fact that this study also found that those with more severe LLD experienced 

greater declines in functional outcomes suggest that hip fracture patients with LLD may 

be at increased risks  of subsequent fracture, depression, mortality, and all other hip 

fracture consequences. Moreover, the strong relationship between LLD severity and falls 

highlights the immediate necessity of fall prevention studies. Future LLD research studies 

should also establish a work group to tackle many complexities surrounding the 

relationship between LLD and hip fracture patients. This work group should especially 

aim to address and establish a consensus for a LLD definition, establish gold-standard for 

measurement instrument and technique and establish treatment guidelines and 

recommendations for physicians and hip fracture patients.  
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e. Conclusions 

This dissertation provides evidence that there is a negative relationship between LLD and 

functional outcomes during the year following a hip fracture. The strong relationship between 

LLD severity and falls suggests that future LLD studies must explicitly target fall prevention, 

which may prove to be a vital component of providing comprehensive care to hip fracture 

patients. Additionally, perioperative assessments of LLD may identify those at increased risk of 

poorer recovery outcomes. Lastly, results from this study provide evidence for potential 

modifiable mechanisms to improve functional recovery after hip fracture and support the 

development of future studies that may further investigate risk factors and predictive signs of 

LLD in hip fracture patients   
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Appendices  

I. IRB Approval of Research Notification 
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II. Limb Measurement Protocol 

                 Limb Length Discrepancy Following Hip Fracture Study 

Protocol of Limb Measurement from Whole-Body DXA Scan 

A. Objective 

To measure limb lengths of hip fracture patients from electronic whole-body DXA scan 

files using Lunar and Hologic Scanner software 

B. Lay Summary 

 

Limb Length Discrepancy (LLD) is a common complication following a hip fracture 

surgical procedure and is present when paired lower extremities are of unequal lengths, 

which can affect walking ability. This research aims to determine the relationship 

between LLD and functional recovery and health-related outcomes (physical 

performance, physical activity, pain, falls, walking ability, balance and quality of life) in 

hip fracture patients. It is believed that LLD is negatively associated with various health 

outcomes. Therefore, LLD in older persons following a hip fracture may interfere with 

improving post-fracture recovery. Findings from this study may help determine the scope 

of this problem by providing evidence of the relationship between LLD and recovery 

outcomes in hip fracture patients. 

 

In order investigate the potential relationship between LLD and functional recovery and  

health-related outcomes, measurements of limb lengths need to be captured from Dual 

Energy X-ray Absorptiometry (DEXA or DXA) scans that come from a cohort of hip 

fracture patients (Baltimore Hip Studies-4th Cohort; BHS-4). DXA scans were 

previously obtained for BHS-4 (1998-2005) to measure bone mineral density (BMD). 

However these DXA scans can also be used to see one-dimensional images of limb 

lengths. Limb lengths will be assessed using these DXA scans and will allow Rasheeda to 

investigate additional aims of her dissertation research which will determine if LLD 

negatively impacts various health outcomes such as functional performance, hip and/or 

back pain, walking and mobility. Limb lengths will be assessed using these DXA scans to 

determine the relationship between LLD and functional performance and various health 

outcomes. Results from this study may help identify a modifiable mechanism to improve 

ambulation and functional recovery after hip fracture that has not been previously 

studied. 

 

C. Research Design 

This study is a secondary analysis of retrospective data collected between 1998 and 2005 

from the study entitled “Bone and Muscle Changes Following Hip Fracture in Older 
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White Women (BHS-4; IRB number: HP-40508).This study requires using Dual Energy 

X-ray Absorptiometry (DXA or DEXA) software to measure LLD from the whole-body 

DXA files previously captured and electronically stored from the original study 

D. Study Resources 

Facilities where research procedures will be conducted: 

There are two manufacturers of machines that perform Dual Energy X-ray 

Absorptiometry (DXA), Hologic and Lunar. Therefore, the research will be conducted in 

the General Clinical Research Center (GCRC) in the University of Maryland Medical 

Center and the UMB Radiology Center. The GCRC houses the computer software 

necessary for viewing the Hologic DXA scans while the Radiology center houses the 

software necessary for viewing the Lunar DXA scans. All DXA scans were previously 

captured and electronically stored from a completed study (Baltimore Hip Studies-4; 

BHS-4; IRB #: HP-40508). 

 

E. Anticipated Risk Level 

The anticipated risk level of this study is minimal. According to the Humans Research 

and Protections Office and the Institutions Review Board (IRB) at the University of 

Maryland, Baltimore minimal risk research describes the following: “The probability & 

magnitude of harm/discomfort anticipated in the research are not greater in and of 

themselves than those ordinarily encountered in daily life or during the performance of 

routine physical or psychological examinations/tests. (CICERO/IRB website 2015)” 

. 

F. Study Procedures 

a. Overview 

This study is a secondary data analysis of retrospective data collected for 

BHS-4 and requires documenting limb lengths from the electronic DXA files 

previously stored from BHS-4. In order to achieve study aims, electronic 

DXA files must be viewed with computer software attached to DXA machines 

and the limb lengths can then be documented. There are DXA scans from two 

different types of DXA machines, Hologic (n=304) and Lunar (n=116). 

Hologic DXA scans will be viewed on the computer system in the GCRC. 

Lunar DXA scans will be viewed on the computer system in the University of 

Maryland Radiology Center.  

 

Three components of the proposed study require access to the DXA computer 

system software: assessor training, LLD measurement, and data 

documentation.  

b. Training/ Measurement Orientation 

Measurement assessors will receive on-site training on multiple study 

components which include: 
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• Operating DXA software 

• Capturing limb lengths using the Linear Pixel Count method 

• Data form completion 

• Securing electronic and physical data  

 

Training will occur in the GCRC and the Radiology Center. Measurement 

assessors will participate in group and individual training. 

 

c. Measurement of LLD 

Capturing accurate and precise measurements of limb lengths from whole-

body DXA scans is essential for achieving the study objective and 

determining the prevalence of LLD. The sensitive nature of limb length 

measurements as it pertains to the overall study requires expert consultation 

from a panel of DXA experts who will independently measure limb lengths 

from digital whole-body DXA scan images. Assessors were identified based 

on their thorough knowledge and devoted work in the field of hip fracture 

surgical repair, limb measurement, body composition and DXA analyses. 

Each assessor will read the limb length measurement user manual, which will 

describe the measurement method and will participate with the on-site training 

session taught by a DXA technician and limb measurement expert. Rasheeda 

will also participate in on-site training and will be tested on her ability to 

measure limb lengths. Once it is determined that she is able to properly 

measure limb lengths, she will also participate as an assessor. 

 

d. Data Documentation 

Primary data collection of related limb measurement will occur with the 

following steps: 

1. Assessors will read  the measurement user protocol and participate in 

measurement orientation/training session 

2. Assessors will receive digital whole-body DXA scans on encrypted 

USB thumb drives and blank data forms 

3. During the designated timeslot, assessors will go to the GCRC or the 

University of Maryland Radiology Center with the encrypted thumb 

drive and blank data forms. 

4. Files will be viewed on the computer attached to DXA machine 

5. Each assessor will measure LLD once for each DXA file. 

6. Limb measurements will be documented on ‘Limb Length 

Measurement Form A’  

7. Completed data forms  will be hand delivered to the PI 
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8. Measurement data from data forms will be entered into appropriate 

database on a secure server. Data forms will be securely kept in locked 

study cabinets. 

G. Confidentiality of Data 

All information obtained and utilized during the study will be treated as strictly 

confidential and will be maintained as such to the extent permitted by law. 

 

All electronic DXA file data will be kept private and securely saved on a password 

protected and encrypted thumb drive. Only the PI and research assessors will have 

access to the thumb drive and thumb drive password. If by chance the thumb drive is 

stolen or lost, the contents of the thumb drive are electronically deleted with an 

incorrectly entered pass-code. Thumb drives will be kept in a locked study file when 

not in use. After DXA files have been read, the contents of the thumb drives will be 

erased. 

 

Paper data 

All cohort members were assigned a unique research number. Once limb length 

measurements are collected and documented on data forms, forms will be hand 

delivered to the PI and will be filed by each research number and stored in a locked 

study cabinet. 

 

Electronic data 

Data entered from completed data forms will be saved on a password protected 

server. Data from BHS-4 is in a de-identified dataset. 

 

 

 

H. Location of Measurement Assessment 

Digital DXA files were originally scanned from two different DXA systems: Lunar and 

Hologic. There are 116 Lunar files and 304 Hologic files. 

 

Lunar files will be analyzed at the University of Maryland Radiology Center (110 S. Paca 

St., 2nd Floor 

Baltimore, Maryland 21201) 

 

Hologic files will be analyzed at General Clinical Research Center (GCRC: University of 

Maryland School of Medicine, 655 W. Baltimore Street, Baltimore MD 21201; 10 South, 

C Wing) 

I. DXA  System and  Software Information 
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As an assessor, you will analyze each file once. Time to complete the semi-automated 

analysis varies from 1 to 2 minutes per imaged file depending on the visibility of the 

necessary landmarks. 

Based on marker placement, the Lunar enCORE (GE Healthcare version 11) and the 

Hologic Discovery (QDR series) software calculate the length of the limb in millimeters 

(mm) and pixel units respectively.  

Table 1. DXA analysis software specifications 

Lunar  Hologic 

enCORE software 2007 

Lunar Prodigy Advance 

Version 11 

© 1998-2007 

GE Healthcare, Leeds, UK 

 

Discovery Wi 

QDR series 

Version 13.4.2 

Hologic, Inc., Waltham, MA 

 

 

  



 

131 
 

J. Limb Measurement Procedures 

Below you will find step by step procedures for measuring limb length from whole-body 

DXA files. 

Procedures for Limb Measurement of Whole-Body DXA Scan (Hologic) 
 

1. 

 

 
 

 

 Touch mouse to activate 

computer. 

 Attach IronKey USB 

thumb drive to any USB 

port on the computer 

tower. 

 If the IronKey Software 

appears, skip to step 4. 

 Click the ‘Start’ menu 

2.  

 
 

 From the ‘Start’ menu, 

click ‘Computer’ 

3. 

 
 

 Double click the Iron Key  

icon
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4. 

 
 

 Click ‘Unlock’. 

 Enter password. 

5.  

 
 

 

 Allow thumb drive to 

unlock. 

6.  

 
 

 

 Click ‘OK’.  

 The IronKey thumb drive 

is now unlocked 

   

 

7. 

 

 Click the  Discovery QDR 

series software  

 Click ‘ Archive’  

 Select ‘Restore Scans’ 

 

8. 

 

 
 

 

 Click ‘Browse’ 

 Select the desired DXA file 

using the following folder 

path 

 F:\AssesorDXAfiles\patientfol

der 

 Click ‘open’ 

 Select patient name with 

“Whole Body “ Scan type 

 Click ‘Restore Scans’ 
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9. 

 
 

 Click ‘OK’ 

 Click ‘Close’ 

10. 

 
 

 Select ‘Analyze Scan’ 

11. 

 
 

 Select ‘Analyzed Scan’ 

from top tab 

 Type in the first letter of 

patient’s last name and 

scan will appear. 

 Select DXA file name with  

the ‘Whole Body’ scan 

type 

 Double click on patient file 

 

12 

 

 
 

. 

 Select ‘Next>>’ 
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13.  

 
 

 Click ‘Results’ 

 Click ‘Subregions’ 

14. 

 
 

 Select ‘Do Not Copy’ 

 

15. 

 

 
 

 

 Click ‘Subregions icon’ 

 Add the first subregion 

with the (+) icon. 

 

16. 

 
 

 Rectangular box will 

appear 

Use keyboard arrows to 

move box and place on 

limb #1.  

#1 #2 
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17. 

 

Whole Limb #1 Length 

 On limb #1, place top of  

rectangular guide on the 

acetabulum 

 Click ‘Line mode’ and 

extend the bottom (line A) 

of the rectangular guide 

down stopping on the ankle 

mortise. 

 

   

18.  

 

 

 

Whole Limb #1 Length 

 The length of the 

rectangular region provides 

the length of limb #1 in 

pixel units. 

#1 #2 
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19. 

 

Limb #1 Whole Limb 

Length 

 Locate  the limb length 

measurement found at the 

bottom of screen  

 Document the length on 

“Data Form A” (2
nd

 value), 

variable A101. 
 

20. 

 

 

 

 
 

Limb #1 Femur Length 

 On limb #1 (line mode), 

use the ‘up’ arrow to move 

the bottom guide up to the 

bottom of knee cap. 

# 1 #2 
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21. 

 

Limb #1 Femur Length 

 Document the length on 

“Data Form A” (2
nd

 value), 

variable A102 

 

22.  

 

Limb #2 Whole Limb 

Length 

 Select ‘Whole Mode’. 

 Move entire 

rectangular box to limb 

#2. 

 Follow steps 23-25 to 

measure the whole limb 

length of limb #2 

 Document the length 

on “Data Form A”, 

variable A013. 

Limb #2 Femur Length 

 On limb #2 (line 

mode), use the ‘up’ 

arrow to move the 

bottom guide up to the 

bottom of knee cap. 

 Document the length 

on “Data Form A” (2
nd

 

value), variable A014 

 Sign and date data 

form. 

After  measurements have been 

documented, click ‘Cancel’ 

 

Upload next DXA file 

   



 

138 
 

 
 

 

K. Contact Information 

Please contact the study PI regarding any questions regarding the protocol.  

Rasheeda Johnson 

rasheeda.johnson@som.umaryland.edu 
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L. Research Team  Member Agreement  

Your participation in this study is greatly appreciated. By participating as an assessor, 

you agree to provide, to the best of your ability, an accurate measurement of limb length 

for each DXA file analyzed.  

Print: _________________________________________ 

Signature: _____________________________________ 

Date: _________________________________________ 

M. Supplemental Image: Measurement Landmark  
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