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Abstract 

Low Back Pain (LBP), and related outcomes are burdensome occupational MSDs for workers 
and employers. Prior studies have examined risk factors but only limited information is available 
about quantified exposure-response relationships for LBP and its related outcomes of seeking 
care for LBP (SC-LBP) and lost time due to LBP (LT-LBP). There is scientific disagreement 
about whether or not biomechanical exposures are independent risk factors for LBP. 

Previously collected data were pooled from three research sites. Workers from 82 facilities 
representing 21 predominantly manufacturing and warehousing industries in six US states were 
included. Demographic, psychosocial, and health outcomes data were collected on each 
worker. Workers were followed for up to 4.5 years. Occupational physical exposures were 
measured for each task performed by each worker. 

A total of 1,976 workers provided data. Complete data were available and successfully pooled 
for 1,650 (83.5%). Many workers (395) performed multi-task jobs (i.e., job-rotation). A large 
majority of the cohort was male (75%) and white (68%). Mean age was 35.5±11.3 years, and 
mean BMI was 28.0±6.0. Lift/Lower activities were quantified using the Revised NIOSH Lifting 
Equation (RNLE) with summary measures at the sub-task, task, and job levels. Sub-tasks were 
individual lifts/lowers (quantified with peak RNLE Frequency Independent Lifting Index), tasks 
were collections of sub-tasks performed as a set (quantified with the peak RNLE Composite 
Lifting Index), and jobs were collections of tasks performed in a workday (quantified with the 
RNLE Cumulative Lifting Index). Independent lifting parameters such as peak weight, peak 
reach and peak twisting were also analyzed. 

Exposure-response relationships were developed for prevalence of LBP outcomes using logistic 
regression and developed for incidence of LBP outcomes using proportional hazards 
regression. Continuous analyses were performed with linear splines used to account for non-
linear exposure-response. 

The RNLE was consistently associated with prevalence and incidence of LBP, SC-LBP, and LT-
LBP at the peak sub-task, peak task, and job-levels. Peak task exposure was most strongly 
associated with prevalence and peak sub-task most strongly associated with incidence. In 
addition, peak reaching and peak twisting were consistently and strongly associated with 
incidence of all three LBP outcomes. 

Increased age was associated with prevalence of LBP but not SC-LBP or LT-LBP. Conversely, 
increased age was protective for incidence of LBP. Gender and BMI were not associated. 
Psychosocial factors such as coworker support and job satisfaction were associated with 
prevalence of all three outcomes but not incidence. Lifetime history of LBP was associated with 
prevalence and incidence of outcomes. In prevalence analyses LBP history appeared to 
confound the effects of physical exposure and reduced the ORs of the RNLE measures by 40 to 
50%. 

Overall, evidence is provided that biomechanical exposures are independent risk factors for 
LBP and related outcomes. The findings of this study should help inform future LBP research 
and intervention strategies. Continuous exposure-response relationships provide a basis for 
companies to develop exposure policies. The RNLE provides a foundation for detailed job 
design, evaluation, and decision making. Associations with individual parameters of lifts/lowers 
provide a basis for simple surveillance strategies. 
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Section 1: Final Progress Report 

1.1 Significant-Key Findings 
This study found consistent and strong evidence that biomechanical factors both measured 
using the Revised NIOSH Lifting Equation (RNLE) and measured as independent parameters 
were associated with prevalence and incidence of low back pain (LBP) and related outcomes 
after adjusting for worker individual and psychosocial factors. 
RNLE measures at the sub-task-level (i.e., individual lift/lower), task-level (i.e., collection of 
lifts/lowers performed as a set), and job-level (i.e., multi-tasks with job rotation) were associated 
with both prevalence of incidence of the outcomes of: (i) any Low Back Pain (LBP) lasting seven 
or more consecutive days, (ii) seeking care for LBP (SC-LBP), and (iii) lost-time due to LBP (LT-
LBP). Peak task-level exposure was most strongly associated with prevalence of outcomes 
whereas peak sub-task-level exposure was most strongly associated with incidence of 
outcomes. Job-level exposure was also strongly associated with incidence. RNLE associations 
were not altered by the presence of age, gender, BMI or psychosocial factors. Prior history of 
LBP lasting four or more weeks weakened the magnitude of RNLE associations with prevalence 
of LBP outcomes but had no effect on incidence. On average, workers exposed to the NIOSH 
suggested “high” exposure level of RNLE=3.0 were at between 60% to 240% increased risk of 
prevalent LBP outcomes and at between 30% to 70% increased risk for incidence of LBP 
outcomes as compared to those at the NIOSH suggested “low” exposure level of RNLE=1.0. 
Peak lift/lower parameters such as peak weight lifted, peak reach, and peak trunk twist were 
strongly associated with incidence of all three LBP outcomes and these associations were not 
affected by age, gender, BMI, or prior history of LBP. This finding, combined with those of the 
RNLE measures provide strong evidence that biomechanical factors are independent risk 
factors for LBP and related outcomes; and refutes the findings of recent systematic reviews that 
have suggested that biomechanical factors are not independent risk factors for LBP. 
Poor supervisor support and poor job satisfaction were associated with prevalence of LBP 
outcomes after adjusting for physical exposure, and age, gender, BMI, and history of LBP. 
Other psychosocial factors such as control over breaks and control over task order also showed 
association with prevalence of LBP outcomes. Psychosocial factors did not show association 
with incidence of LBP, perhaps due to exclusion of prevalent workers or because psychosocial 
factors were measured only at baseline and thus unable to account for any changes over time.  
History of LBP was a consistent and strong risk factor for future LBP and related outcomes. 
History of LBP was also a confounder of physical exposure among prevalent workers where it 
reduced magnitude of associations with LBP outcomes by up to 50% and worsened statistical 
association as well. The persistent and consistently strong effect of prior LBP demonstrates the 
importance of preventing or substantially delaying the first onset of substantial LBP. 

1.2 Translation of Findings 
We provide continuous exposure-response relationships between lifting/lowering physical 
exposure and incidence of LBP, SC-LBP, and LT-LBP. Companies and governmental agencies 
can use these relationships to develop physical exposure policies and/or regulations. The 
measures rely on the widely used and freely available RNLE and because measures were 
analyzed for subtasks and for whole jobs can be translated into to both simple surveillance and 
job design strategies. 
From a health and safety surveillance perspective the findings that simple measures such as 
peak weight, peak reach, and peak twist are strong predictors of LBP outcomes should be 
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welcome. These parameters are easy to quantify and monitor. Further, regular monitoring in a 
given industry would create internal data that could be used to implement company-wide 
policies such as product or process weight limits or altered workstation designs that prevent 
over-exposure to heavy lifting, twisting or reaching. Similarly, the finding that peak sub-task-
level RNLE analyses are as or more effective than complex job-level RNLE analyses could 
dramatically simplify what is needed for semi-comprehensive surveillance of complex working 
environments while still taking advantage of key aspects of the RNLE such as the ability to 
integrate the effects of multiple parameters and provide a list of jobs/tasks for prioritized 
attention. 
From a job design standpoint, validation of the RNLE and in particular its measures at the sub-
task-, task-, and job-levels should lead to improved use in engineering-based job design and 
intervention strategies. The RNLE has proven flexible and provides stable and consistent 
measures of exposure that are directly and predictably related to one another. These attributes 
are critical for any engineering or design tool to be used over long periods and especially in any 
industry that relies on a continuous improvement approach where small improvements are 
made over time. The continuous exposure-response relationships provided from this study 
should aid those who want to use the RNLE in these engineering driven environments. 
Lastly the RNLE is freely available and though it does require some training to use properly, the 
tool is not inherently difficult to understand and does not require intense knowledge of 
biomechanics or physiology to use. In this regard, companies of all sizes can implement the 
RNLE in all manner of ways ranging from simple pencil and paper analyses for small companies 
to customized software and instrument-assisted data collection for large organizations. 

1.3 Research Outcomes-Impact 
The RNLE and continuous exposure-response relationships provide a basis for detailed 
biomechanical exposure measurement and continuous improvement. Similar to quantitative 
quality control programs, this type of comprehensive and systematic approach to occupational 
LBP prevention and intervention can be expected to reduce workers’ compensation costs, lost 
time due to LBP and short- and long-term LBP-related disability within companies that choose to 
use the strategy and tools. 
Further development of the RNLE is warranted and in particular adaptations that accommodate 
one-handed-lifting, interactions between reaching and twisting, and between twisting and 
bending should be developed and tested. 
Psychosocial factors might play an important role in modifying risk of LBP and/or modifying the 
effects of physical exposure. Psychosocial factors should be specifically studied in the presence 
of rigorously measured physical exposures. 
Past history of LBP is strong risk factor that has the potential to confound associations between 
other factors and LBP outcomes. Prospective cohort studies of workers without prior history of 
LBP are needed to confirm or clarify the exposure-response associations reported here. 
Intervention studies based on the findings of this and other similar studies are urgently needed 
to clarify injury-reduction strategies and to set future research and development directions. 
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Section 2: Scientific Report 

2.1 Background 

Low back pain (LBP) is a common health problem in the general population – affecting 80-85% 
of people in their lifetime1 – is a frequent cause of activity limitation and lost workdays,2-4 and is 
one of the most common reasons for seeking health care.3 Workplace back injuries account for 
41% of all MSD cases and require a median of 7 days to recuperate.5 The average cost of a 
back injury insurance claim is approximately $7,100.6,7 
Literature suggests that LBP has a complex, multifactorial etiology. 8,9 LBP risk factors include 
(i) job physical exposures, (ii) worker demographics, (iii) past LBP history, (iv) psychosocial 
factors, and (v) hobbies and physical activities outside of work.8-10 In spite of voluminous 
literature on LBP, there is a lack of consensus on the roles of individual, psychosocial and job 
physical factors in the pathogenesis of LBP.11 
There is no consensual definition of LBP12 other than the recently proposed operational case 
definition for chronic LBP.13 Thus, prior studies of workplace LBP have used several different 
case definitions, and there is some evidence to suggest that the risk factors for LBP may vary 
with the case definition.12,14,15  Further, LBP may lead to seeking care for LBP (SC-LBP) and 
lost time (i.e., missed work, LT-LBP), both of which may cause substantial economic burdens to 
employees and employers.7,16,17 While LBP (pain alone) is frequently studied – often with 
imprecise measures of job physical exposure – only a few studies have investigated 
associations between biomechanical risk factors and SC-LBP and LT-LBP. Thus, there is a 
paucity of information on associations between quantified job physical factors and LBP, SC-LBP 
and LT-LBP. 9,12,14-16 

Many biomechanical risk factors have been suggested for LBP; 9 however, several problems 
have likely contributed to inconsistent findings reported in the literature. The problems include 
poorly quantified job physical exposures, and/or methodological limitations, such as: (i) use of 
job titles or self-reported physical exposure – resulting in imprecise exposure estimates and/or 
recall bias; (ii) use of a single job variable to estimate physical exposure, thus, ignoring effects 
from other physical exposure variables (e.g., trunk flexion, trunk rotation, lifting heavy weight, 
etc.); (iii) imprecise techniques to quantify complex physical exposures for tasks with varying 
weights, hand locations, and/or job rotation (e.g., average weight, time-weighted-average (TWA) 
weight); (iv) reliance on cross-sectional or case-control design; (v) inconsistent LBP case 
definitions; (vi) use of small and /or non-representative samples of workers and industries; 
and/or (vii) lack of adjustments for individual and psychosocial factors.18-39 Possibly for these 
reasons, recent reviews of studies have concluded that there is conflicting evidence for 
associations between LBP and either heavy physical work or working with the trunk bent and/or 
in a twisted posture.40,42 

2.1.1 LBP and Physical Exposure Risk Factors 

Generally accepted physical exposure risk factors for LBP include biomechanical, work 
organizational and environmental factors such as: lifting, pushing/pulling, and/or carrying heavy 
loads; bending, twisting, frequent lifting, driving, prolonged standing/sitting, whole body vibration 
and trunk kinematics (trunk velocities and bending moments). 11, 12, 24, 26-30, 34, 35, 37, 38, 43-45 Use of a 
single job physical exposure variable to quantify biomechanical stressors ignores potential 
interactions between job physical exposure variables.31, 32 Index-based methods or models 
combining two or more job physical exposure variables into a single measure of risk include: (i) 
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Revised NIOSH Lifting Equation (RNLE), (ii) load moment, frequent lifting of heavy weights, 
etc., (iii) maximum acceptable weights and forces, (iv) compressive and shear forces on spinal 
discs (biomechanical models), and (v) combination of dynamic three-dimensional trunk motions. 
9, 14, 15, 18-23, 25, 36, 39, 46, 47-53 

2.1.1.1 The Revised NIOSH Lifting Equation (RNLE) 

Among the index-based methods, the RNLE 51, 52 is perhaps the most commonly used job 
analysis method to quantify biomechanical stressors to the low back. 9, 14,15, 36, 39, 48-50, 54-62 The 
RNLE is a comprehensive model that combines seven different biomechanical stressors (weight 
of the object, horizontal location of hands, vertical location of hands, travel distance, twisting 
angle, frequency and duration of lifting, and type of grasp) into a single metric called the Lifting 
Index (LI) for simple tasks52, Composite Lifting Index (CLI) for complex tasks,52 and Cumulative 
Lifting Index (CULI) for multi-task jobs with job rotation. 63  A few investigations have reported an 
association between the LI and LBP 36, 39, 48-50, 58; however, these used cross-sectional study 
designs and/or failed to adjust for important covariates. There are only three prospective studies 
reporting relationships between RNLE and LBP outcomes while adjusting for relevant 
covariates, and the total sample size for those studies is small. 9, 14, 15 

2.1.1.2 Job Organizational Factors 

Many believe job rotation to be an effective strategy for preventing, or at least managing MSDs; 
however, it is not well studied. A recent systematic review of job rotation in manufacturing 
environments64 found only weak evidence for a reduction in exposure. Nevertheless, multi-task 
jobs do pose challenges to quantifying physical exposure and could plausibly reduce daily 
cumulative exposure thus making job rotation a potentially important factor to study. 

The RNLE is designed to study two-handed lifting and lowering. 52 However, one-handed lifting 
is common in industry. While there is no clear strategy to incorporate one-handed lifting into 
RNLE calculations the factor is important to consider as a potential confounder or effect 
modifier65 when using the RNLE. 

2.1.2  LBP and Non-Occupational Factors 

Peak prevalence of LBP occurs between 45 to 64 years of age,12, 66-69 females appear to be at 
increased risk for LBP but results are inconsistent,8,9,12,41,69-72 obesity has a weak association 
with increased risk of LBP;12,73-74 and smoking has inconsistent findings.9,26 Past history of LBP 
is consistently associated with increased risk of LBP.9,26,37,46,75  

2.1.3 LBP and Workplace Psychosocial Factors 

Past studies have found inconsistent associations between workplace psychosocial factors and 
LBP.9, 14, 15 29, 30, 37, 38, 75-81 Low work support, low job satisfaction and/or high work demand 
appear to have more consistent association with LBP compared to other workplace 
psychosocial factors. 9, 25, 26, 37, 67, 82-84 
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2.2 Hypothesis and Specific Aims 

The alternative hypothesis for this study was: 
H1: There are associations between the Revised NIOSH Lifting Equation and/or other 

biomechanical lifting/lowering parameters and low-back-pain (LBP), seeking care for LBP 
(SC-LBP), and lost-time due to LBP (LT-LBP), while accounting for history of LBP, 
demographic, and psychosocial factors. 

Specific Aims were to: 
1. Develop a pooled dataset with worker specific information on: (i) LBP, SC-LBP and LT-LBP, 

(ii) detailed biomechanical stressors measured at the job, task, and subtask levels, (iii) 
personal factors (demographics, prior history of LBP), and (iv) psychosocial factors. 

2. Calculate pooled baseline prevalence and average annual incidence rates for LBP, SC-LBP, 
and LT-LBP. 

3. Estimate associations between prevalent cases of LBP, SC-LBP, and LT-LBP, and 
measures of biomechanical stressors (enumerated in Aim 4) adjusted for relevant covariates 
(age, gender, BMI, prior history of LBP, and psychosocial factors). 

4. Perform primary analyses to estimate associations between incident cases of LBP, SC-LBP, 
and LT-LBP, and three measures of biomechanical stressors adjusted for relevant 
covariates (i.e., age, gender, BMI, prior history of LBP, and psychosocial factors). The three 
measures of biomechanical stressors are: (i) RNLE Peak Lifting Index (PLI, subtask 
analysis), (ii) RNLE Peak Composite Lifting Index (PCLI, task-analysis), and (iii) Cumulative 
Lifting Index using RNLE (CULI, a proposed, innovative method for job level analysis). 

5. Perform secondary analyses to: (i) examine relationships between the three health 
outcomes and: (a) simple measures of biomechanical stressors (e.g., object weight, lifting 
frequency, load moment, trunk posture) (ii) compare the efficacy of other methods for 
assigning daily physical exposure to workers (Sequential Lifting Index (SLI), and Time-
Weighted-Average CLI), and (iii) examine potential interactions between biomechanical 
stressors and covariates (i.e., age, gender, BMI and psychosocial factors). 

2.2.1 Summary of Specific Aims Progress and Completion 

Specific Aim #1 
Raw data from the study sites were pooled after establishing compatible definitions for each 
variable. Demographic and health outcomes data for the 1,976 workers shared similar 
definitions and were easily combined. Psychosocial data had more limited compatibility. Seven 
questions were deemed compatible and merged. Outcomes data were merged where variable 
definitions matched. These definitions are described in Section 2.3.2.2 of Methods. 
Physical exposure data from each site shared similar variables and constructs; however, 
contrary to initial expectations, the pre-existing summarized variables proved incompatible due 
to material differences in the underlying assumptions used by each site to create those 
variables. There were effectively three levels of physical exposure data: (1) sub-task level data 
that contained parameters for each lift/lower performed by a worker, (2) task level data that 
contained logical groups of sub-tasks and were typically performed for 15 or more minutes per 
day and (3) job level data that contained information about all the tasks that a worker performed 
in a given day or shift. However, these three levels were not present at each site in a consistent 
way. 
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To create fully compatible data, each site's information had to be expanded to the sub-task level 
to create true compatibility and then reduced into task and job level data using standardized 
definitions and procedures. This process resulted in 1.2 million unique sub-tasks that were then 
reduced into 2,480 unique tasks and finally into 1,650 unique jobs (We were unable to reconcile 
and make compatible the job information for 326 workers). 
A further unforeseen challenge emerged while reconfiguring the raw data. Approximately 99% 
of individual lifts were two-handed, as expected from preliminary analyses. However, the 
approximately 1% of one-handed lifts affected more than one third of tasks and ultimately about 
25% of jobs, albeit in very small doses. The biomechanics of one-handed lifting are not well 
studied65 and the NIOSH Lifting Equation is not intended to analyze these one-handed lifts.51 
Thus additional preliminary studies were needed so that strategies to accommodate one-
handed lifts could be developed and final data could be prepared for pooled analyses. After 
performing several sensitivity analyses, it was determined that one-handed lifts could be treated 
as if they they were performed two-handed for the purposes of this report. 
Despite these unforeseen problems and substantial delays, all work for Specific Aim #1 was 
fully completed as proposed. 

Specific Aim #2 
Using merged data, prevalence and incidence rates for LBP, SC-LBP, and LT-LBP were 
calculated and are provided in Section 2.4.1. Prevalence rates have been published. Incidence 
rates are included in publications currently under review. 
Analyses for Specific Aim #2 were fully completed as proposed. Publications and other 
dissemination are ongoing. 

Specific Aim #3 
Work for Aim #3 began by performing univariate analyses of demographic, psychosocial, and 
physical exposure variables. Residual plots of physical exposure were used to identify non-
linearities and potential outliers that could be indicative of computation problems or otherwise 
introduce inappropriate biases into the analyses. All variables were analyzed with a-priori 
adjustment for age, gender, BMI and lifetime history of LBP (LBP Hx). 
Preliminary findings revealed that facility and research site were predictive of physical exposure 
and some psychosocial factors. While intensity of physical exposure was expected to vary by 
study site (indeed, increasing the range of exposures was a primary motivation for pooling these 
data), more homogeneity was expected amonst other factors. The lack of homogeneity 
somewhat restricted certain analyses. For example, study site could not be used as random 
effect or fixed factor in models while also including psychosocial factors or presence of one-
handed lifting and job rotation. 
Ultimately fully adjusted models comparing sub-task, task, and job-level RNLE measures were 
developed that omitted adjustments for research site. Those analyses are presented in this 
report. Analyses of psychosocial factors have been published.85 Aim #3 is fully complete. A 
strategy to disseminate the RNLE prevalence results is being developed. 

Specific Aim #4 
Subsequent to Aim #3, Aim #4 began with univariate analyses of physical exposure, personal, 
and psychosocial factors. Fully adjusted models comparing sub-task, task, and job-level RNLE 
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measures were developed and are presented in this report. Analyses for Aim #4 are complete. 
Publications are being drafted and will be submitted for publication in 2021. 

Specific Aim #5 
Aim #5 had three main goals: (1) examine individual lifting/lowering parameters to determine (a) 
independent association with outcomes of LBP and (b) simple interactions between parameters 
and outcomes of LBP, (2) compare alternative techniques to describe daily exposure using the 
RNLE, and (3) explore potential interactions between demographic, psychosocial factors, 
physical exposure, and outcomes of LBP. 
Goal #1 – examine individual lifting/lowering parameters is fully complete and results are 
provided in this report. Goal #2 – compare alternative techniques to describe daily exposure 
using RNLE – is complete to the greatest extent feasible using these data. The proposed Aim 
included a comparison of the Sequential Lifting Index (SLI);86 however, those analyses are not 
possible because the necessary data to create equivalent rotation schemes between research 
sites was not possible. TWA CLI and CULI were compared and the results are presented in this 
report. “Threshold” measures were proposed as synthetic measures to explore interactions 
between biomechanical risk factors. However, due to difficulties fully understanding the 
implications of the between research site heterogeneity of data, that aspect of Goal #3 was not 
complete at the time of this report and might prove impossible to ever complete proposed. 
Simple stratification of analyses on the basis of age, gender and BMI have shown no statistically 
significant results but here again it is not clear that the study has adequate power and sampling 
to state this negative finding with confidence especially given the heterogeneity of the 
underlying data. As an alternative to the “threshold” measures originally proposed, multi-factor, 
median-split and combined variables were created and analyses of those are provided in this 
report. 
The research team is currently developing a dissemination plan for the completed Aim #5 
results with an emphasis on publication of Goal #1 as the results of this study refute the findings 
of recent systematic reviews suggesting that biomechanical factors are not independent risk 
factors for LBP.41, 42 

2.3 Methods 

This study pooled data from four large prospective epidemiologic research studies conducted 
by: (i) the Ohio State University (OSU), (ii) the University of Utah (UU), (iii) the University of 
Wisconsin-Milwaukee (UWM), and (iv) NIOSH.  The UWM and UU studies were conducted in 
parallel and used identical methods for all data collection. Workers in these studies were 
employed across a wide variety of industries (Table 1). 

2.3.2 Developing a Pooled Dataset with Worker Specific Information 

This study uses previously collected data on workers from 82 facilities representing 21 
industries in the U.S. states of Illinois, Michigan, Ohio. Texas, Utah, and Wisconsin. These data 
were collected by three research teams: NIOSH, OSU, and UWM/UU (Some UWM data were 
collected by a team at Texas A&M University). Raw data on job physical exposures, outcomes 
of LBP, and individual and psychosocial covariates from NIOSH, OSU, and UWM/UU were 
combined into several datasets.  Combined data were then exhaustively data-checked for 
integrity. Two types of data checks were performed: (i) a check for logical and data-
entry/processing errors, and (ii) analytical checks to challenge the validity of common variable 
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definitions between the sites. Combined data were de-identified and protected health 
information were removed to greatest extend feasible. De-identified “gold master” datasets were 
created and provided to each of the sites (and American University, AU) for analyses. 

Table 1: Summary of types of industries studied by the three sites 
Industry UWM/

UU 
OSU NIOSH  Industry UWM/

UU 
OSU NIOSH 

Airbag 
manufacturing 

X    Metal parts 
manufacturing 

X   

Automotive parts 
manufacturing 

X    Office chair 
manufacturing 

X   

Automotive parts 
distribution 

 X   Office work X   

Book packaging & 
distribution 

X    Paint manufacturing X   

Clothing distribution 
center 

 X   Plastic parts 
manufacturing 

X   

Commercial lighting 
mfg. 

X    Repackaging 
operations 

X   

Cosmetic 
manufacturing 

X    Salt manufacturing X   

General 
merchandise dist. 

 X   Salt packaging X   

Grocery 
warehousing & dist. 

X X   Small engine 
manufacturing 

X   

Lawnmower & 
equipment mfg. 

X    Dryer mfg. & 
assembly 

  X 

Meat processing X        

2.3.2.1 Physical Exposure Measurements 

All three sites collected the worker’s job physical exposure data in the field using direct 
measurements and video observations (OSU used Low Back Moment Monitors 35). UWM and 
UU collected data on each worker, OSU and NIOSH collected data on a sample of workers 
performing each job. All three sites had data available for each lift/lower performed by the 
workers. These data included object weight, horizontal locations of hands, vertical locations of 
hands, travel distance, asymmetric angle, type of grasp, frequency of lifting/lowering, cycle time, 
duration of task, duration of shift, and trunk postures. 9,14,15,35,39 These raw data were first 
expanded to create discrete measurements for each lift/lower performed by a worker (i.e., sub-
tasks with each sub-task representing an individual lift or lower). This process created truly 
compatible physical exposure information across the sites. As a part of this process RNLE 
Frequently Independent Lifting Indexes (FILIs) were calculated for each sub-task. Next, sub-
task level data were reduced to task-level data using the RNLE composite lifting index (CLI) 
algorithm, calculating total lifts/lower per minute for the task based on total task duration, and 
taking the peak (i.e., presumed most stressful) values for parameters such as weight, horizontal 
distance, and twisting. Finally, task-level data were reduced into job-level data using information 
about workers job rotation schemes, where applicable. For those workers with job rotation, 
RNLE CLIs were combined into CULI using the CULI algorithm.63 For workers with no job 
rotation CULI was set equal to CLI for the single task performed. In addition, peak CLI (pkCLI) 
was recorded across all tasks performed by a worker, total lifting frequency across all tasks was 
calculated, and overall peak for lifting/lowering parameters such as weight, horizontal location, 
and twisting were recorded. 
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To facilitate Aim #5 analyses, TWA CLI was also calculated at the job-level. Parameters from 
the RNLE were assumed to be proxies for certain aspects of task performance. Weight lifted as 
assumed to be a proxy for “load”, horizontal location of hands was assumed as a a proxy for 
“reaching”, vertical location was assumed as a proxy for “bending” (since full-squat lifting is 
rarely used regularly in real-world working environments), and asymmetric angle was assumed 
as a proxy for “twisting. Composite variables of individual lift/lower parameters were created by 
splitting parameter variables at their median and creating 4-level “interacted” categories. For 
example: peak asymmetric angle (“twist”) and peak horizontal location (“reach”) were median 
split and combined to create four categorical levels consisting of (1) low reach and low twist, (2) 
extended reach only, (3) extended twist only, and (4) extended reach and extended twist. Based 
on preliminary analyses and professional judgement, all parameters were interacted with both 
weight (“load”), and asymmetric angle (“twist”). In addition, vertical location (“bend”) and total 
frequency were also combined. 

2.3.2.2 Individual and Psychosocial Measurements 

Questionnaire data included baseline information on age, gender, history of episodes of LBP 
lasting four or more weeks over the prior year, and history of LBP lasting four or more weeks 
over lifetime (LBP Hx). Body Mass Indices (BMIs) were calculated from measured heights and 
weights. 

Psychosocial measures were assessed via baseline questionnaires. Seven psychosocial 
measures were deemed compatible and pooled between the research sites. Responses to each 
measure were categorized into three to five levels depending on the number of potential 
responses.85  

Compatible questions used in this study were: 

1.  How much influence or control you have over the variety of tasks you perform? (Very little, A 
little, Moderate amounts, Much, Very much) 
 

2.  How much influence or control you have over the order in which you perform tasks or work? 
(Very little, A little, Moderate amounts, Much, Very much) 
 

3.  How much influence or control you have over the pace of work, that is how fast or slow you 
work? (Very little, A little, Moderate amounts, Much, Very much) 
 

4.  How much influence or control you have over the extent to which you can work ahead and 
take a short break during work hours? (Very little, A little, Moderate amounts, Much, Very 
much) 
 

5.  Receiving support from immediate supervisor on the job. (Almost always, Some of the time, 
Hardly ever) 
 

6.  Receiving support from coworkers on the job. (Almost always, Some of the time, Hardly 
ever) 
 

7.  All in all, how satisfied are you with your job? (Very satisfied, Somewhat satisfied, A little 
satisfied, Not at all satisfied) 

For all psychosocial variables, the adjacent most “positive” or “good” categories were combined 
to form stable reference categories. Details are described in Thiese et al.85 
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2.3.2.3 Health Outcomes Measurements 

 
All sites conducted surveys and interviews at baseline and then again monthly (UWM/UU), after 
6 months (OSU), or annually (NIOSH) throughout follow-up. Case definitions for LBP, SC-LBP 
and LT-LBP are provided in Table 2. 

For prevalence, all workers who met one or more of the case definitions and who did not report 
their LBP as being caused by an accident were classified as prevalent cases. For incidence, 
those workers who did not have LBP at baseline and who received at least one followup visit 
were eligible for incident analyses of LBP. For incidence of SC-LBP and LT-LBP, all workers 
who were not prevalent at baseline and who received followup were incident eligible. Workers 
who developed LBP during follow-up and reported that LBP as being caused by an accident 
were removed from the study on the day of the reported accident and recorded as non-cases as 
of their last known non-accident followup report. 

Table 2. Case definitions for LBP, SC-LBP and LT-LBP 
Outcome Definition Exclusion Criteria for 

incident cases 
 Back Pain (LBP)  Regional LBP (i.e., lumbosacral area), of 

any pain intensity, and lasting ≥ 7 days in 
the last 12 months. 

(i) Met case definition at 
baseline, OR  

(ii) LBP episode was due 
to an accident. 

Seeking care for LBP  
(SC-LBP) 

Saw a healthcare provider (a doctor, 
nurse, physical therapist, chiropractor or 
other health care provider) for back 
symptoms ≥ 1 time in the last 12 months. 
 

(i) Met case definition at 
baseline, OR  

(ii) LBP episode was due 
to an accident. 

Lost time (missing 
work) due to LBP 
(LT-LBP) 

Missed work for ≥ 1 day due to LBP in the 
last 12 months. 

(i) Met case definition at 
baseline, OR  

(ii) LBP episode was due 
to an accident 

2.3.4 Calculating Pooled Baseline Prevalence and Average Annual Incidence Rates for 
LBP, SC-LBP, and LT-LBP 

Baseline prevalence and crude average annual incidence rates (i.e., new cases per 100 person-
years (P-Y)) were calculated for LBP, SC-LBP, and LT-LBP using case definitions from Table 
#2. For incidence rate calculations, prevalent cases were excluded. Gender-, and age-specific 
incidence rates were calculated. 

2.3.5 Associations Between Psychosocial Factors and LBP, SC-LBP, and LT-LBP 

For prevalence analyses, age, gender, BMI, smoking status and CULI (as an unmodified 
continuous measure) were considered as a-priori confounders to each of the seven 
psychosocial factors in the study. Frequencies and percentages were calculated for categorical 
variables. Correlations and Cronbach Alpha statistics were calculated for relationships between 
psychosocial variables. Logistic regression was used to calculate crude and adjusted odds 
ratios (ORs) and 95% confidence intervals (CI). Psychosocial factors were dichotomized to 
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assess relationship between individual psychosocial factors and age, sex, BMI, and company 
tenure. Potential confounders were adjusted using multivariable logistic regression.85 

2.3.6 Estimating Exposure-Response Between the RNLE and Prevalent Cases of LBP, 
SC-LBP and LT-LBP 

Logistic regression was used to determine odds ratios and 95% confidence intervals for the 
CULI, pkCLI, and FILI, and prevalent cases of LBP, SC-LBP, and LT-LBP after adjusting for 
covariates. The initial group of covariates a-priori included age, gender, BMI, and lifetime history 
of LBP (LBP Hx). Covariate psychosocial factors were selected using a best subsets approach 
with minimized corrected AIC values as the parameter to determine the optimal covariate 
model.86, 87 A-prior factors were forced into all candidates models. 

Null model (i.e., no variables, only outcome) residual plots from univariate analyses of CULI, 
pkCLI, and FILI were used to determine if non-linear exposure-responses were present. To 
account for non-linearity, linear splines with a single knot were used.88 Knots were placed at the 
nearest percentile to the observed inflection point with the restriction that knots were placed on 
5% intervals. All three RNLE measures showed marked non-linear responses with attenuation 
of risk at higher exposures. For prevalence analyses, attenuation began between the 70th and 
95th percentile of data depending on the measure and the outcome. 

2.3.7 Estimating Exposure-Response Between the RNLE and Incident Cases of LBP, 
SC-LBP and LT-LBP 

For incident eligible workers, time from study enrollment to first occurrence of the LBP, SC-LBP, 
and LT-LBP was modeled using Cox proportional hazard (PH) regression.89 Workers lost to 
follow-up prior to developing an incident case were censored as non-cases on the last date they 
contributed data. Hazard ratios (HR) and corresponding 95% confidence intervals (95% CI) 
were calculated. 

CULI, pkCLI, and FILI were were treated as time-varying covariates and all variables were 
treated as continuous wherever possible.88 

Similar to prevalence analyses, the functional form of each RNLE measure was examined using 
Martingale residual plots.90 A null PH model (i.e., no variables, only outcome) was fit and the 
resulting Martingale residuals were plotted against each of the continuous RNLE variables as 
well as age and BMI. Smoothed plots of the residuals provided approximate shapes of the 
association between the log HR and the continuous measure.90 Both loess and cubic smoothing 
splines were used as means of estimating distribution shapes, as different smoothing methods 
may suggest different functional forms within PH models.91  

Where non-linearities were apparent, linear splines with a single knot were used in a manner 
consistent with that described for prevalence analyses. When no transformations were 
suggested, continuous variables were treated as linear within the Cox regression models. 

Age and BMI showed no apparent non-linearity. All three measure of RNLE showed smooth 
increases followed by attenuation of risk between the 50th and 95th percentile depending on the 
measure and the outcome. 
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Covariates were a combination of a-prior factors: age, gender, BMI, and LBP Hx; and 
psychosocial factors. Psychosocial factors were selected using a best-subsets method as 
described in section 2.3.6. 

2.3.8 Statistical Power 

Power calculations were based on prospective analysis of incident cases in a Cox model. The 
basis for the calculation is the total of 1,223 incident-eligible subjects and 471, 228, and 128 
incident cases of LBP, SC-LBP, and LT-LBP, respectively. The calculations further assumed 
80% power, two-sided tests at the p<0.05 significance level and that the exposure variable had 
R-squared = 0.2 when regressed on the covariates. Minimum hazard ratios likely to be detected 
for LBP, SC-LBP, and LT-LBP were 1.13, 1.26 and 1.34, respectively, per 1 standard deviation 
change in a continuous exposure measure.  Power to detect a hazard ratios of 1.8 or larger per 
1 standard deviation change in exposure was effectively 100% for all three outcomes. (Power 
analyses performed using the PASS statistical software).92 
 

2.4 Results and Discussion 

The three studies had combined, total enrollment of 1,976 workers. Of those 1,976 workers, 
1,650 (83.5%) completed both health and physical exposure baseline assessments, and had 
sufficient information about their physical exposures to successfully merge sub-task level (i.e., 
individual lift/lower) data. Multi-task jobs were performed by 395 of the workers (i.e., workers 
had job rotation), while the remaining 1,271 worked mono-task jobs (i.e., performed only one 
task for their entire work shift). The 395 workers with multi-task jobs performed a total of 1,225 
tasks, i.e., they rotated to an average of 3.1 tasks/worker (median = 2, range: 2–11) during their 
work day, with a vast majority (82%) rotating to between two and four tasks per day.  

2.4.1 Pooled Prevalence and Incidence Rates for LBP, SC-LBP, and LT-LBP 

Of the 1,976 total workers in the study, 1,929 had fully complete health outcomes and 
demographic information and could be included in basic prevalence analyses. After excluding 
prevalent workers and workers lacking follow-up information, 971, 1081, and 1136 workers were 
available for incidence analyses of LBP, SC-LBP, and LT-LBP, respectively. 

Any Low Back Pain (LBP) 

At baseline, prevalence of LBP for the entire eligible cohort was 25.0% (483 of 1,929). Males 
were more likely than females to be prevalent with a prevalence ratio (PR) of 1.25 (p = 0.02). 
There was no statistical difference between cases and non-cases with regard to age or BMI 
(p>0.22). 

There were 971 incident eligible workers who contributed 1,281.5 person-years (P-Y) of data. 
Among those, 471 workers developed LBP for an average annual incidence rate of 36.8 per 100 
P-Y. Age was protective for LBP. Workers with age less than the median of 34.6 years had 
average incidence of 41.7 per 100 P-Y as compared to 32.6 per 100 P-Y for those above the 
median age (p < 0.001). There was no association between incidence of LBP and gender, or 
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BMI. Incident rate for those with no prior history of LBP was 36.4 compared to 45.7 for those 
with LBP history (p <0.001). 

Seeking Care for LBP (SC-LBP) 

The baseline prevalence of seeking care for LBP (SC-LBP) was 14.1% (272 of 1,927) and 
males and females were equally likely to be prevalent (p = 0.14). There was no difference 
between age (p = 0.54) or BMI (p = 0.12) for prevalent versus non-prevalent cases. 

There were 1081 incident eligible workers who contributed 1,483.6 P-Y of data. Among those, 
228 workers developed SC-LBP for an average annual incidence rate of 15.4 per 100 P-Y. 
There was no association between incidence of SC-LBP and age, gender, or BMI. Incident rate 
for those with no prior history of LBP was 15.1 compared to 19.2 for those with LBP history (p 
<0.001). 

Lost Time due to LBP (LT-LBP) 

The baseline prevalence of lost time due to LBP (LT-LBP) was 10.0% (192 of 1,929). Similar to 
LBP, males were more likely than females to be prevalent with a prevalence ratio (PR) of 1.51 
(p = 0.03). 

There were 1136 incident eligible workers who contributed 1,527.8 P-Y of data. Among those, 
128 workers developed LT-LBP for an average annual incidence rate of 8.4 per 100 P-Y. There 
was no association between incidence of SC-LBP and age, gender, or BMI. Incident rate for 
those with no prior history of LBP was 8.2 compared to 11.2 for those with LBP history (p 
<0.001). 

2.4.2 Exposure-Response for Revised NIOSH Lifting Equation 

2.4.2.1 RNLE and Prevalence of LBP, SC-LBP, and LT-LBP 

Physical exposure estimates from the RNLE were analyzed based on sub-task analyses (i.e., 
peak FILI), task-level analyses (i.e., peak CLI), and job-level analyses (i.e., CULI). All analyses 
were adjusted for age, gender, BMI, and the psychosocial factors of job satisfaction, supervisor 
support and control of the order of tasks performed. The SC-LBP models were also adjusted for 
the coworker support psychosocial factor as that variable was also selected during best-subsets 
covariate model building. 

Initially, LBP Hx was forced into all multivariate models as an a-priori covariate. However, 
presence of LBP Hx in the models sharply reduced the effect of physical exposure while having 
only nominal to minimal effect on other covariates. This suggests that prior history of LBP is a 
confounder for the effects of physical exposure, at least amongst this cohort of workers. Thus, 
LBP Hx was removed from all models and then subsequently returned to reveal the extent of 
the confounding (see results and discussion below). The associations between LBP Hx (i.e., 
lifetime history of LBP lasting four or more weeks) ranged from OR = 7.8 for LT-LBP up to OR = 
17.7 for LBP. Univariate results are shown in Table 3. 
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Table 3: Univariate Prevalence Analyses of Lifetime History of LBP Lasting Four or More 
Weeks 

Outcome Odds Ratio 95% CI p-value AIC 
LBP 17.69 13.36 – 23.60 <0.001 1399.40 

SC-LBP 9.91 7.41 – 13.32 <0.001 1185.26 
LT-LBP 7.78 5.57 – 10.93 <0.001 955.92 

 

RNLE measures (i.e., CULI, pkCLI, and pkFILI) all followed a similar pattern where risk 
increased as exposure increased up to a threshold, beyond which risk attenuated. For CULI and 
pkFILI the attenuation resulted in a statistical leveling of risk (i.e., no further statistical increase 
or statistical decrease in risk). For pkCLI the attenuation tended to result in a statistical 
decrease in risk above the threshold. Thresholds were selected based on examination of null 
model residual plots and were placed on percentiles. These thresholds were used as knot 
points in linear spline models. Table 4 shows a summary of knots, percentiles, and odds ratios 
at inflection points for the RNLE measures. Odds ratios are based on results reported in Tables 
5 to 7, below. 

The principle reason for the attenuation in risk appears to be sparce exposure and case 
information in the long right-hand tail of the exposure distributions. Occasional very large RNLE 
values might be associated with infrequent lifts that nonetheless results in very large lifting 
indexes, or could be the results of sampling or other error. Regardless the cause, CULI is most 
affected by the skew in measurement because it incorporates all subtasks and all tasks. 

Table 4: Summary of Knots, Percentiles, and ORs at Knots for RNLE and Prevalence of 
LBP Outcomes 

RNLE Measure LBP SC-LBP LT-LBP 
Knot %ile ORA Knot %ile ORA Knot %ile ORA 

CULI 4.7 85th 3.1 4.3 75th 7.6 4.0 70th 3.0 
pkCLI 4.7 85th 3.5 4.1 75th 12.2 5.3 95th 3.2 
pkFILI 4.2 95th 3.2 3.2 75th 5.5 3.2 75th 2.9 

A Based on models that DO NOT include LBP Hx 

Prevalence of LBP 

All measures of RNLE were associated with increased risk of prevalence of LBP and all had 
comparable associations with peak ORs of 3.1, 3.5, and 3.2 for CULI, pkCLI, and pkFILI, 
respectively. Risk increased for pkFILI most quickly (slope = 1.316, 95%CI: 1.164 – 1.492 per 
unit) and most slowly for CULI (slope = 1.273, 95%CI: 1.135 – 1.432 per unit) (Table 5). These 
measures are derivatives of one another where pkCLI will always be larger than pkFILI and 
CULI will always be the same or larger than pkCLI. Thus, the steeper slope of pkFILI, despite its 
systematically lower scores suggests that exposures from peak lifts/lowers might be 
disproportionally indicating risk in this cohort. 
Covariate associations with LBP were consistent across all models (Table 5). Risk of LBP 
increased with age at a rate of 1.4% per year of age. Thus, the OR for a 60-year-old compared 
to a 20-year-old was 1.7. Gender and BMI showed no association. Job satisfaction and 
supervisor support were both statistically associated with increase risk of LBP, but only 
supervisor support showed an uninterrupted dose-response relationship with peak ORs of about 
2.0 for the category of “Hardly Ever”. Peak ORs for job satisfaction were higher at about 3.0 for 
the category of “Not at all”, but the adjacent category of “A Little” was not statistically associated 
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with LBP and showed a lower OR than the improved category of “Somewhat”. Control of task 
order appeared to show a trend of increasing risk with less control, but none of the categories 
was significant and the ORs were low. 
Overall, pkCLI showed the lowest AIC score, followed by pkFILI and then CULI. This suggests 
that pkCLI has the strongest predictive potential. However, this might be the result of pkCLI 
having a statistically significant decline in risk above the knot of 4.7 whereas pkFILI and CULI 
both showed statistically level risk above their respective knot points. 

Table 5: Analyses of Peak FILI (subtask), Peak CLI (task), and CULI (job), and 
Prevalence of Any Low-Back-Pain (LBP) 

Factor Peak FILI (aic: 1749.15) Peak CLI (1741.8) CULI (aic: 1751.5) 
RNLE Exposure ≤4.2: 1.316 (1.164 – 1.492) ≤4.7: 1.304 (1.166 – 1.461) ≤4.9: 1.273 (1.135 – 1.432) 
 - 2nd Spline Leg >4.2: 0.497 (0.178 – 1.388) >4.7: 0.666 (0.510 – 0.870) >4.9: 0.944 (0.868 – 1.026) 

Age (continuous)  1.014 (1.002 – 1.025)  1.014 (1.003 – 1.025)  1.014 (1.004 – 1.025) 
Gender    
 - Female  1.00  1.00  1.00 
 - Male  1.13 (0.84 – 1.53)  1.10 (0.82 – 1.49)  1.12 (0.83 – 1.51) 
BMI (continuous)  0.994 (0.974 – 1.013)  0.994 (0.974 – 1.014)  0.992 (0.973 – 1.012) 

Job Satisfaction    
 - Very Satisfied  1.00  1.00  1.00 
 - Somewhat  1.42 (1.06 – 1.91)  1.43 (1.07 – 1.92)  1.42 (1.06 – 1.91) 
 - A little  1.28 (0.86 – 1.91)  1.27 (0.85 – 1.88)  1.26 (0.85 – 1.87) 
 - Not at all  2.98 (1.62 – 5.47)  2.94 (1.60 – 5.38)  3.00 (1.64 – 5.50) 
Supervisor Support    
 - Almost Always  1.00  1.00  1.00 
 - Some Time  1.64 (1.26 – 2.13)  1.62 (1.26 – 2.10)  1.64 (1.26 – 2.12) 
 - Hardly Ever  2.05 (1.39 – 3.01)  1.99 (1.35 – 2.92)  2.00 (1.36 – 2.93) 
Control Order    
 - V. Much/Much  1.0  1.0  1.0 
 - Moderate  0.99 (0.73 – 1.33)  1.00 (0.74 – 1.34)  0.99 (0.73 – 1.33) 
 - A Little  1.13 (0.78 – 1.62)  1.15 (0.79 – 1.65)  1.10 (0.76 – 1.59) 
 - Very Little  1.15 (0.84 – 1.58)  1.16 (0.84 – 1.58)  1.19 (0.87 – 1.62) 

*BOLD indicates significant at p ≤ 0.05 

Prevalence of SC-LBP 

All measures of RNLE were associated with increased risk of SC-LBP and ORs were higher for 
SC-LBP than the other outcomes (Table 6). However, unlike LBP (and LT-LBP, see below), the 
ORs were not comparable across all RNLE measures. The highest peak OR was for pkCLI with 
OR=12.2. pkFILI had the lowest peak OR with 5.5. The relatively “low” OR for pkFILI is likely 
due, in part, to its knot being reduced to the 75th percentile as compared to the 95th for LBP. 
However, this only partly explains the discrepancy as the same circumstance is true or LT-LBP 
and the ORs across those models are comparable (Table 4). 
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Covariates showed small or no association with increased risk of SC-LBP (Table 6). Age 
suggested increased risk with increased age; however, the association was not significant. Nor 
were gender or BMI associated with SC-LBP. The pattern of association for job satisfaction was 
similar to that observed for LBP, but none of the categories was significant. Supervisor support 
showed some statistically significant increased risk for the category of “some time” with ORs of 
about 1.75; however, there was no apparent dose-response relationship. Base on best-subsets 
selection, SC-LBP also included coworker support as a covariate. While there was a hint of 
dose-response association for coworker support, none of the categories was significant and 
ORs were modest to low. Control over task order showed no associations. 

Table 6: Analyses of Peak FILI (subtask), Peak CLI (task), and CULI (job), and 
Prevalence of Seeking Care for LBP (SC-LBP) 

Factor Peak FILI (aic: 1346.30) Peak CLI (1328.01) CULI (1347.71) 
RNLE Exposure ≤3.2: 1.706 (1.391 – 2.11) ≤4.1: 1.842 (1.548 – 2.214) ≤4.3: 1.603 (1.359 – 1.906) 
 - 2nd Spline Leg >3.2: 1.106 (0.777 – 1.576) >4.1: 0.717 (0.566 – 0.910) >4.3: 0.933 (0.844 – 1.032) 

Age (continuous)  1.010 (0.997 – 1.023)  1.012 (0.999 – 1.025)  1.010 (0.997 – 1.023) 
Gender    
 - Female  1.00  1.00  1.00 
 - Male  0.85 (0.60 – 1.22)  0.80 (0.56 – 1.14)  0.85 (0.60 – 1.22) 
BMI (continuous)  0.987 (0.963 – 1.011)  0.991 (0.966 – 1.015)  0.988 (0.964 – 1.012) 

Job Satisfaction    
 - Very Satisfied  1.00  1.00  1.00 
 - Somewhat  1.11 (0.79 – 1.58)  1.11 (0.79 – 1.58)  1.11 (0.79 – 1.56) 
 - A little  0.88 (0.53 – 1.42)  0.86 (0.52 – 1.40)  0.85 (0.52 – 1.38) 
 - Not at all  1.74 (0.84 – 3.47)  1.68 (0.81 – 3.37)  1.76 (0.85 – 3.52) 
Supervisor Support    
 - Almost Always  1.00  1.00  1.00 
 - Some Time  1.77 (1.29 – 2.44)  1.72 (1.25 – 2.37)  1.74 (1.27 – 2.40) 
 - Hardly Ever  1.61 (0.98 – 2.59)  1.48 (0.90 – 2.39)  1.50 (0.93 – 2.41) 
Coworker Support    
 - Almost Always  1.00  1.00  1.00 
 - Some Time  1.12 (0.82 – 1.53)  1.14 (0.84 – 1.55)  1.15 (0.84 – 1.56) 
 - Hardly Ever  1.29 (0.78 – 2.10)  1.34 (0.80 – 2.19)  1.31 (0.97 – 2.14) 
Control Order    
 - V. Much/Much  1.0  1.0  1.0 
 - Moderate  0.98 (0.69 – 1.39)  0.98 (0.69 – 1.40)  0.96 (0.67 – 1.37) 
 - A Little  1.03 (0.65 – 1.59)  1.07 (0.68 – 1.66)  0.99 (0.63 – 1.52) 
 - Very Little  1.06 (0.73 – 1.54)  1.05 (0.72 – 1.53)  1.08 (0.74 – 1.57) 

*BOLD indicates significant at p ≤ 0.05 

Similar to LBP, pkCLI showed the lowest AIC score, followed by pkFILI and then CULI. This, 
again, suggests that pkCLI had the strongest predictive potential. Again there is the caveat that 
pkCLI had a statistically significant decline in risk above the knot whereas pkFILI and pkCLI did 
not. This might have resulted in the superior AIC score. 
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Prevalence of LT-LBP 

All measures of RNLE were associated with increased risk of LT-LBP and all had comparable 
associations with peak ORs of 3.0, 3.2, and 2.9 for CULI, pkCLI, and pkFILI, respectively. 
Consistent with both LBP, risk increased most quickly with an increase in pkFILI. For LT-LBP, 
pkCLI showed the lowest rate of increased risk at about 25% per unit increase (Table 7). This 
might be due to the relatively higher knot point of 5.3 (95th percentile) compared to 4.1 and 4.3 
(75th and 85th percentile for SC-LBP and LBP, respectively). A noteworthy change for RNLE 
associations with LT-LBP was that pkCLI no longer showed a statistically significant decline in 
risk above the knot. There was still a sharp attenuation of risk but similar to CULI and pkFILI, 
there was no statistical increase or decrease in risk above the knot. This change is likely the 
result of: (a) the increased percentile of the knot for pkCLI, and (b) a couple non-cases of SC-
LBP at very high pkCLI exposures. 

Table 7: Analyses of Peak FILI (subtask), Peak CLI (task), and CULI (job), and 
Prevalence of Lost Time due to LBP (LT-LBP) 

Factor Peak FILI (aic: 1050.45) Peak CLI (1044.86) CULI (1051.9) 
RNLE Exposure ≤3.0: 1.399 (1.114 – 1.780) ≤5.3: 1.247 (1.079 – 1.445) ≤4.5: 1.318 (1.077 – 1.634) 
 - 2nd Spline Leg >3.2: 1.066 (0.685 – 1.658) >5.3: 0.333 (0.106 – 1.044) >4.5: 0.863 (0.726 – 1.027) 

Age (continuous)  0.999 (0.984 – 1.015)  0.998 (0.982 – 1.013)  0.999 (0.984 – 1.015) 
Gender    
 - Female  1.00  1.00  1.00 
 - Male  1.19 (0.77 – 1.88)  1.25 (0.82 – 1.98)  1.24 (0.80 – 1.92) 
BMI (continuous)  0.995 (0.966 – 1.023)  0.996 (0.968 – 1.024)  0.995 (0.967 – 1.028) 

Job Satisfaction    
 - Very Satisfied  1.00  1.00  1.00 
 - Somewhat  1.51 (0.98 – 2.36)  1.51 (0.98 – 2.36)  1.48 (0.97 – 2.32) 
 - A little  1.28 (0.71 – 2.29)  1.26 (0.70 – 2.25)  1.23 (0.69 – 2.19) 
 - Not at all  3.24 (1.50 – 6.79)  3.20 (1.49 – 6.70)  3.08 (1.43 – 6.42) 
Supervisor Support    
 - Almost Always  1.00  1.00  1.00 
 - Some Time  1.74 (1.19 – 2.57)  1.75 (1.20 – 2.58)  1.71 (1.17 – 2.52) 
 - Hardly Ever  2.45 (1.45 – 4.08)  2.44 (1.45 – 4.06)  2.35 (1.40 – 3.90) 
Control Order    
 - V. Much/Much  1.0  1.0  1.0 
 - Moderate  1.17 (0.78 – 1.77)  1.17 (0.77 – 1.76)  1.16 (0.76 – 1.75) 
 - A Little  1.17 (0.69 – 1.94)  1.17 (0.69 – 1.93)  1.14 (0.67 – 1.88) 
 - Very Little  0.97 (0.61 – 1.52)  0.95 (0.60 – 1.49)  0.74 (0.61 – 1.53) 

*BOLD indicates significant at p ≤ 0.05 

There were no apparent or statistical associations between age, gender, or BMI, and LT-LBP. 
Associations for psychosocial factors were similar to LBP insofar as supervisor support showed 
a dose-response relationship with OR of approximately 2.4 for the category of “hardly ever”; and 
job satisfaction showed increased risk for the category of “not at all” with ORs of about 3.2, but 
no apparent dose-response relationship. However, whereas control task order hinted at a dose-
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response relationship with LBP, there was no apparent trend with LT-LBP (i.e., LT-LBP was 
more consistent with SC-LBP for the control task variable). 
Overall, pkCLI again showed the lowest AIC score and CULI the highest. Unlike the LBP and 
SC-LBP models, pkCLI did not show a statistically significant reduction in risk above the knot 
and so that circumstance cannot explain the lower AIC within this outcome. 

Summary of Prevalence Analyses 

Across the RNLE exposure measures and across the LBP outcomes, pkCLI consistently 
showed the the best performance with regard to AIC score. This is contrary to the a-prior 
expectation that CULI would perform the best because it included the most information about 
physical exposure. In fact, CULI consistently performed the worst in terms of AIC. Nonetheless, 
CULI did show strong association with p<0.001 for all three outcomes (Table 8). 
Among demographic covariates, age was associated only with LBP. Age trended towards 
significance for SC-LBP but the p-values were low (p=0.117 in the model with CULI, Table 8). 
Gender and BMI were not associated. 
For psychosocial factors, supervisor support showed consistent association with outcomes and 
a mostly consistent dose-response relationship. Job satisfaction was inconsistent in association 
with the main effect being the worst category and then only inconsistently across the outcomes 
(Table 8). 

Table 8: Summary of Prevalence Analyses based on CULI (i.e., job) Exposure for 
Outcomes of LBP 

Factor LBP SC-LBP LT-LBP 
RNLE Exposure    
 - CULI p < 0.001 **** p < 0.001 **** p < 0.001 **** 
Age (continuous)A p = 0.009 *** p = 0.117 p = 0.936 
GenderA p = 0.456 p = 0.378 p = 0.344 
BMI (continuous)A p = 0.455 p = 0.329 p = 0.749 

Job SatisfactionB p = 0.006 *** p = 0.669  p = 0.031 ** 
Supervisor SupportB p < 0.001 **** p = 0.007 *** p < 0.001 **** 
Coworker SupportB --- p = 0.211 --- 
Control OrderB p = 0.260 p = 0.688 p = 0.933 

****: p<0.001    ***: p<0.01    **: p<0.05    *: p<0.10 
A A-priori factor forced into all models 
B Factor selected using best-subset approach 

Lifetime history of LBP lasting four or more weeks (LBP Hx) was strongly associated with 
prevalence of LBP outcomes (Table 3) and thus excluded from models reported in Tables 5 to 
7. LBP Hx was forced into the pkCLI models (i.e., the best performing RNLE models) for each of 
the three outcomes to show the relative effect LBP Hx has on physical exposure and other 
covariates. These results are shown in Table 9. 
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Table 9: Summary of Prevalence Analyses based on pkCLI Exposure and adjusted for 
Lifetime History of LBP Lasting Four or More Weeks 

Factor LBP SC-LBP LT-LBP 
RNLE Exposure ≤4.7: 1.121 (0.984 – 1.279) ≤4.1: 1.584 (1.319 – 1.917) ≤5.3: 1.129 (0.970 – 1.317) 
 - 2nd Spline Leg >4.7: 0.819 (0.627 – 1.071) >4.1: 0.812 (0.631 – 1.045) >5.3: 0.523 (0.214 – 1.283) 

Age (continuous)  1.013 (1.000 – 1.026)  1.007 (0.993 – 1.021)  0.993 (0.977 – 1.009) 
Gender    
 - Female  1.00  1.00  1.00 
 - Male  0.90 (0.63 – 1.27)  0.66 (0.45 – 0.98)  1.10 (0.70 – 1.77) 
BMI (continuous)  1.001 (0.978 – 1.025)  0.995 (0.968 – 1.022)  1.002 (0.971 – 1.032) 
LBP Hx  17.13 (12.69 – 23.34)  9.34 (6.81 – 12.90)  6.79 (4.76 – 9.74) 
Job Satisfaction    
 - Very Satisfied  1.00  1.00  1.00 
 - Somewhat  1.27 (0.90 – 1.79)  0.95 (0.65 – 1.39)  1.33 (0.85 – 2.12) 
 - A little  1.07 (0.66 – 1.73)  0.67 (0.38 – 1.16)  1.07 (0.58 – 1.97) 
 - Not at all  2.82 (1.35 – 5.77)  1.33 (0.58 – 2.92)  2.62 (1.13 – 5.88) 
Supervisor Support    
 - Almost Always  1.00  1.00  1.00 
 - Some Time  1.43 (1.05 – 1.96)  1.53 (1.08 – 1.97)  1.53 (1.02 – 2.30) 
 - Hardly Ever  1.60 (1.00 – 2.54)  1.16 (0.67 – 1.74)  1.97 (1.12 – 3.42) 
Coworker Support    
 - Almost Always ---  1.00 --- 
 - Some Time ---  1.24 (0.88 – 1.74) --- 
 - Hardly Ever ---  1.31 (0.74 – 2.26) --- 
Control Order    
 - V. Much/Much  1.0  1.0  1.0 
 - Moderate  0.82 (0.58 – 1.18)  0.86 (0.58 – 1.28)  1.08 (0.67 – 1.68) 
 - A Little  0.88 (0.56 – 1.35)  0.85 (0.51 – 1.38)  0.99 (0.63 – 1.69) 
 - Very Little  0.69 (0.47 – 1.01)  0.71 (0.46 – 1.08)  0.65 (0.74 – 1.06) 

*BOLD indicates significant at p ≤ 0.05 

For all outcomes, peak OR for pkCLI was reduced by approximately one half. Without LBP Hx, 
peak ORs for pkCLI were 3.5, 12.2 and 3.2, for LBP, SC-LBP, and LT-LBP, respectively. With 
LBP Hx in the models, peak ORs for pkCLI were 1.7, 6.6, and 1.9, respectively. Thus ORs for 
pkCLI were reduced by approximately 40 to 50 percent (Tables 4 and 9). Further, pkCLI was no 
longer a statistically significant variable within the LBP and LT-LBP models. 
Conversely, other covariates were mostly nominally or minimally affected. Age remained 
associated only with LBP. BMI continued to show no association. Supervisor support continued 
to show dose-response relationships with LBP and LT-LBP with only slightly decreased ORs. 
Similarly, job satisfaction continued to show association with LBP and LT-LBP for the worst 
category of “not at all”. 
Some changes with covariates did occur and those changes were confined to the SC-LBP 
outcome. For SC-LBP, male gender became protective at OR = 0.67 (95%CI: 0.45 – 0.98), and 
the worst category of supervisor support, “hardly ever”, showed markedly reduced OR and no 
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statistical significance. This suggests that, within this cohort, males with history of LBP who 
sought care for their newly developed LBP hardly ever felt supported by their supervisors. While 
plausible, that explanation seems overly specific and thus this could be a circumstantial finding 
that is not generalizable to other populations 
Overall, RNLE, and in particular pkCLI is associated with prevalence of LBP, SC-LBP, and LT-
LBP with fairly strong peak ORs (ranged 2.9 to 12.2) even after adjusting for demographic and 
psychosocial factors. However, low-back history is a confounding factor for these associations 
and appears to substantially reduce the rate of increased risk for the exposure-response 
relationships. Lack of supervisor support is a consistent risk factor with or without history of 
LBP. This might suggest that broader work-organization factors play a strong role in prevalence 
of LBP outcomes. 

2.4.2.2 RNLE and Incidence of LBP, SC-LBP, and LT-LBP 

Primary incidence analyses proceeded in a similar fashion to prevalence analyses. All analyses 
were a-priori adjusted for age, gender, BMI, and LBP Hx. LBP Hx did not show the strong 
confounding effects in incidence analyses that it showed in prevalence analyses. Psychosocial 
factors were generally not associated with the LBP outcomes and perhaps for this reason each 
outcome had a slightly different set of psychosocial factors identified during best-subset 
covariate model building. 
CULI, pkCLI, and pkFILI all showed non-linear associations with LBP, SC-LBP and LT-LBP. 
Knots for CULI were at the median across the three outcomes, whereas knots for pkFILI were at 
95th percentile for all three outcomes. The main difference is knot placement appears to be the 
influence of outliers. Because pkFILI is inherently a “simple” measure of lift/lower biomechanics 
that is not encumbered by the physiological effects of frequency, the breadth of subtasks that 
make up a task (i.e., pkCLI score), nor the complexities of accounting for job rotation (i.e., 
CULI), its range is constrained and outliers are limited. Conversely, CULI is a complex measure 
and CULI scores become increasingly diffuse as they increase in magnitude. Thus, it is not 
clear whether the relatively low knot points for CULI are simply a reflection of complex 
distribution of data (which the linear splines at least partly account for, if there are underlying 
measurement errors or bad assumptions buried within the raw data, or if the model simply does 
not accurately characterize the true strains associated with high exposures. Any or all of these 
are plausible explanations by the similar exposure-response tendencies, but differing knot 
points between the RNLE measures. A summary of knot points, percentiles, and peak hazard 
ratios (HRs) are provided in Table 10. 

Table 10: Summary of Knots, Percentiles, and HRs at Knots for RNLE and Incident LBP 
Outcomes 

RNLE Measure LBP SC-LBP LT-LBP 
Knot %ile HRA Knot %ile HRA Knot %ile HRA 

CULI 3.2 50th 1.5 3.2 50th 2.4 3.2 50th 2.1 
pkCLI 5.1 90th 2.4 4.6 85th 2.3 3.7 65th 2.1 
pkFILI 4.2 95th 2.5 4.2 95th 2.7 4.2 95th 2.5 

A Based on models include LBP Hx 
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Incidence of LBP 

All measures of RNLE were associated with increased risk of incidence of LBP. Peak HRs for 
pkCLI and pkFILI were comparable at about 2.5. The peak HR for CULI was lower at 1.5, mostly 
because the knot was at CULI=3.2 whereas the knots for pkCLI and pkFILI were at 5.1 (90th 
percentile) and 4.2 (95th percentile), respectively. The rate of increase was fastest for CULI 
(1.136 per unit) up to the knot point (Table 11). CULI and pkCLI both showed statistically level 
risk above the knot points, whereas pkFILI showed a statistically significant decrease in risk 
above the knot of 4.2 (and across the last 5% of data). 

Table 11: Analyses of Peak FILI (subtask), Peak CLI (task), and CULI (job), and 
Incidence of Any Low-Back-Pain (LBP) 

Factor Peak FILI (aic: 4945.41) Peak CLI (aic: 4950.98) CULI (aic: 4948.65) 
RNLE Exposure ≤4.2: 1.124 (1.016 – 1.244) ≤5.1: 1.093 (1.009 – 1.185) ≤3.2: 1.136 (1.005 – 1.129) 
 - 2nd Spline Leg >4.2: 0.425 (0.203 – 0.888) >5.1: 0.933 (0.811 – 1.072) >4.9: 0.950 (0.901 – 1.001) 

Age (continuous)  0.986 (0.978 – 0.995)  0.985 (0.977 – 0.994)  0.985 (0.976 – 0.993) 
Gender    
 - Female  1.0  1.0  1.0 
 - Male  0.93 (0.76 – 1.15)  0.90 (0.73 – 1.12)  0.94 (0.76 – 1.16) 
BMI (continuous)  1.001 (0.987 – 1.016)  1.000 (0.986 – 1.015)  1.000 (0.986 – 1.015) 
LBP Hx  2.01 (1.30 – 3.10)  2.01 (1.30 – 3.11)  1.97 (1.27 – 3.04) 
Control Breaks    
 - V. Much/Much  1.0  1.0  1.0 
 - Moderate  0.99 (0.75 – 1.31)  1.03 (0.78 – 1.36)  1.00 (0.76 – 1.32) 
 - A Little  1.01 (0.77 – 1.33)  1.05 (0.80 – 1.38)  1.04 (0.79 – 1.36) 
 - Very Little  1.19 (0.93 – 1.52)  1.21 (0.94 – 1.54)  1.20 (0.94 – 1.54) 
Supervisor Support    
 - Almost Always  1.0  1.0  1.0 
 - Some Time  1.05 (0.84 – 1.29)  1.05 (0.85 – 1.29)  1.03 (0.84 – 1.27) 
 - Hardly Ever  0.90 (0.64 – 1.28)  0.90 (0.64 – 1.28)  0.89 (0.63 – 1.26) 
Coworker Support    
 - Almost Always  1.0  1.0  1.0 
 - Some Time  1.12 (0.91 – 1.39)  1.14 (0.92 – 1.41)  1.13 (0.91 – 1.40) 
 - Hardly Ever  1.29 (0.95 – 1.77)  1.33 (0.97 – 1.81)  1.33 (0.98 – 1.82) 

*BOLD indicates significant at p ≤ 0.05 

A comparison of AIC scores showed that, unlike the prevalence models, pkCLI had the highest 
(i.e., worst) AIC score. When taken into account with the pkCLI also having the lowest rate of 
increased risk, it can be fairly stated that pkCLI performed the worst of the three RNLE 
measures with regard to risk of incident LBP. By AIC score alone, pkFILI performed the best, 
and while its slope was slightly less than CULI, the increase extended across a much wider 
range of data than CULI. Thus, for the outcome of LBP, pkFILI is the best of the RNLE 
measures for predicting risk (Table 11). 
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Age was protective for LBP with an HR of about 0.55 for a 60 year-old as compared to a 20 
year-old. This association was effectively identical across all measures of RNLE, and is perhaps 
a strong indicator of the presence of health worker survivor effect (HWSE) within this cohort 
(Table 11). 

Prior history of LBP was a consistent risk factor with HR of about 2.0 for all three outcomes. 
This is notably less increased risk than was observed for prevalence (Table 11). 

Gender and BMI showed no association with increased risk. Neither did the included 
psychosocial factors of control over breaks, supervisor support, or coworker support (Table 11). 

Incidence of SC-LBP 

All measures of RNLE were associated with increased risk of SC-LBP. Similarly, all three 
measures showed increased risk as score increased followed by a statistical leveling of risk as 
score increased beyond the knot. CULI showed the fastest rate of increased risk (1.316 per unit) 
and pkCLI the slowest (1.271 per unit). However, peak HR was observed for pkFILI because the 
knot was at a relatively lower percentile for CULI (Table 12). 

Table 12: Analyses of Peak FILI (subtask), Peak CLI (task), and CULI (job), and Incidence 
of Seeking Care for LBP (SC-LBP) 

Factor Peak FILI (aic: 2428.51) Peak CLI (aic: 2431.22) CULI (aic: 2429.52) 
RNLE Exposure ≤4.2: 1.271 (1.103 – 1.464) ≤4.6: 1.200 (1.060 – 1.358) ≤3.2: 1.316 (1.098 – 1.576) 
 - 2nd Spline Leg >4.2: 0.500 (0.228 – 1.098) >4.6: 0.803 (0.629 – 1.024) >3.2: 0.925 (0.849 – 1.009) 

Age (continuous)  01.001 (0.989 – 1.013)  0.999 (0.988 – 1.011)  1.000 (0.998 – 1.011) 
Gender    
 - Female  1.0  1.0  1.0 
 - Male  0.93 (0.68 – 1.27)  0.92 (0.68 – 1.26)  0.95 (0.70 – 1.30) 
BMI (continuous)  1.015 (0.996 – 1.034)  1.016 (0.985 – 1.035)  1.016 (0.996 – 1.035) 
LBP Hx  2.18 (1.34 – 3.57)  2.08 (1.28 – 3.40)  2.00 (1.22 – 3.27) 
Control Order    
 - V. Much/Much  1.0  1.0  1.0 
 - Moderate  0.95 (0.67 – 1.34)  0.99 (0.70 – 1.39)  0.97 (0.68 – 1.36) 
 - A Little  0.95 (0.63 – 1.44)  0.99 (0.65 – 1.50)  0.98 (0.64 – 1.49) 
 - Very Little  1.29 (0.89 – 1.88)  1.32 (0.90 – 1.92)  1.37 (0.94 – 2.00) 
Supervisor Support    
 - Almost Always  1.0  1.0  1.0 
 - Some Time  1.10 (0.82 – 1.47)  1.08 (0.81 – 1.45)  1.07 (0.80 – 1.44) 
 - Hardly Ever  0.86 (0.52 – 1.43)  0.84 (0.50 – 1.40)  0.83 (0.50 – 1.39) 

*BOLD indicates significant at p ≤ 0.05 

Similar to incidence of LBP, pkFILI had the lowest AIC score and pkCLI the highest, suggesting 
that pkFILI is the superior predictive measure (Table 12). 

Lifetime history of LBP (LBP Hx) was a significant risk factor in all three models with HR of 
approximately 2.10 (ranging from 2.00 for the CULI model, and 2.18 for the pkFILI model). All 
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other demographic and psychosocial measures (i.e., control of task order and supervisor 
support) showed no association with incidence of SC-LBP. 

Incidence of LT-LBP 

Similar to LBP and SC-LBP, all three RNLE measures were associated with increased risk of 
LT-LBP, and similar to SC-LBP, all three measures showed increased risk up to the knot 
followed by a statistically level risk above the knot. Rate of increased risk (i.e., slope) was 
comparable across all three measures, with CULI and pkFILI very similar at approximately 
1.250 per unit. (Table 13). 

AIC scores followed the same overall pattern as LBP and SC-LBP with pkFILI having the lowest 
AIC score and pkCLI having the highest. For LT-LBP AIC scores were fairly comparable, 
perhaps suggesting that all three models are approximately equal with regard to predictive 
ability for the outcome of LT-LBP (Table 13). 

Similar to SC-LBP, only lifetime history of LBP showed association with LT-LBP with HRs of 
approximately 1.95. No other demographic covariates showed association, nor did the included 
psychosocial factor of control over task order. 

Table 13: Analyses of Peak FILI (subtask), Peak CLI (task), and CULI (job), and 
Incidence of Lost Time due to LBP (LT-LBP) 

Factor Peak FILI (aic: 1435.26) Peak CLI (aic: 1437.35) CULI (aic: 1436.903) 
RNLE Exposure ≤4.2:  1.248 (1.039 – 1.498) ≤3.4: 1.217 (1.002 – 1.477) ≤3.2: 1.252 (1.200 – 1.800) 
 - 2nd Spline Leg >4.2: 0.457 (0.138 – 1.512) >3.4: 0.872 (0.694 – 1.095) >3.2: 0.928 (0.833 – 1.035) 
Age (continuous)  0.991 (0.976 – 1.007)  0.989 (0.974 – 1.005)  0.990 (0.975 – 1.006) 
Gender    
 - Female  1.0  1.0  1.0 
 - Male  1.10 (0.72 – 1.69)  1.11 (0.72 – 1.70)  1.15 (0.75 – 1.76) 
BMI (continuous)  1.007 (0.980 – 1.034)  1.007 (0.980 – 1.034)  1.007 (0.980 – 1.034) 
LBP Hx  2.03 (1.16 – 3.56)  1.93 (1.10 – 3.37)  1.93 (1.10 – 3.40) 
Control Order    
 - V. Much/Much  1.0  1.0  1.0 
 - Moderate  1.26 (0.81 – 1.98)  1.30 (0.83 – 2.04)  1.30 (0.83 – 2.03) 
 - A Little  1.35 (0.80 – 2.27)  1.40 (0.83 – 2.36)  1.37 (0.81 – 2.30) 
 - Very Little  1.18 (0.69 – 2.03)  1.24 (0.73 – 2.12)  1.26 (0.74 – 2.16) 

*BOLD indicates significant at p ≤ 0.05 

Summary of Primary Incidence Analyses 

For all three outcomes the pkFILI produced the lowest AIC, suggesting that it is the best of the 
three for predicting risk of LBP, SC-LBP, and LT-LBP. However, it should be noted that all three 
measures were statistically associated with the three outcomes whereas, in general and with 
the exception of history of LBP, demographic and psychosocial factors were not. Similar to 
prevalence, this finding is contrary to the a-priori expectation that CULI would perform the best 
because it included the most information about physical exposures. However, whereas CULI 
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consistently performed the worst of the three measures in prevalence analyses, it was a close 
second to pkFILI in incidence analyses. 

Overall, none of the three physical exposure measures performed as well in incidence analyses 
as they did in prevalence analyses with both smaller effect sizes and higher p-values. A 
summary of p-values for CULI across the three outcomes is provided in Table 14. This table 
shows that CULI was significant only at p<0.05 for LBP and SC-LBP and only trending towards 
significance (p=0.091) for LT-LBP when both spline leg one and two were included in 
aggregate. However, it should be noted that all factors proved statistically less reliable in 
incident analyses, including history of LBP that showed p-values greater than 0.001 for all 
models and greater than .01 for LT-LBP. 

For incidence analyses psychosocial factors were inconsistently present and showed almost no 
association with the outcomes (Table 14). This is exactly opposite to prevalence analyses 
where psychosocial factors selected for each outcome were both consistent and at least 
somewhat strongly associated with increased risk. The lone exception was coworker support for 
the LBP outcome that trended towards significance with overall with p-values ≤0.10, but with no 
statistically significant levels and very modest HRs (≤1.33) (Tables 11 and 14). 

Table 14: Summary of Incidence Analyses based on CULI (i.e., job) Exposure for 
Outcomes of LBP 

Factor LBP SC-LBP LT-LBP 
RNLE Exposure    
 - CULIA p = 0.029 ** p = 0.040 ** p = 0.091 * 

Age (continuous) p ≤ 0.001 **** p = 0.945  p = 0.214 
Gender p = 0.540 p = 0.769  p = 0.531 
BMI (continuous) p = 0.960 p = 0.112 p = 0.623 
LBP Hx p = 0.002 *** p = 0.006 *** p = 0.022 ** 
Control BreaksB p = 0.134 --- --- 
Control OrderB --- p = 0.160  p < 0.294  
Supervisor SupportB p = 0.739  p = 0.721  --- 
Coworker SupportB p = 0.070 * --- --- 

****: p<0.001    ***: p<0.01    **: p<0.05    *: p<0.10 
A overall p-value from log-likelihood test for including vs. not including CULI in the model 
B overall p-value based on test from trend between categories 

As previously mentioned, LBP Hx was consistently and at least somewhat strongly associated 
with incidence of the three LBP outcomes. Unlike prevalence analyses, LBP Hx did not appear 
to confound measures of physical exposure when used in incidence analyses. It should be 
noted that many workers in this study had short participation time, either because the study was 
relatively short, or due to turnover. Further, prevalent workers were excluded even though some 
might have subsequently gone an extended period without LBP. It is possible that psychosocial 
and/or demographic factors would be associated with these LBP outcomes if recurrence of LBP 
were studied. It is similarly possible, if not likely, that the strength and magnitude of association 
between prior history of LBP and each outcome would increase if recurrent outcomes were 
allowed. 
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Overall, RNLE, and in particular pkFILI, and to a slightly lesser degree CULI, are associated 
with incidence of LBP, SC-LBP, and LT-LBP However, peak HRs are relatively low, ranging 
from between 1.5 to 2.7, despite relatively high incidence rates ranging from 8.4 to 36.8 per 100 
P-Y. From this it is clear that, while physical exposure does appear to be consistently 
associated with increased risk of these outcomes, it is also not the primary explanatory factor. 

2.4.2.3 Comparison of Techniques for Summarizing Multi-Task Jobs with the RNLE 

A common technique to summarize daily physical exposure both in research and practice is 
time-weighted-average (TWA) exposure. This technique averages the exposures but gives 
relatively more weight to the task or tasks performed for longer durations. As described by Garg 
et al. in the CULI publication,63 a potential problem with the TWA approach is that it assumes 
that high risk tasks can be mitigated by adding more work so long as that work is of lower 
exposure. To test how well TWA works, CULI was compared to TWA CLI after adjusting for the 
a-prior covariates of age, gender, BMI, and prior history of LBP. For these analyses simple 
linear as well as linear spline models were built. 

As seen from the results in Table 15, neither TWA CLI nor CULI consistently performed better 
than the other. Simple linear TWA CLI did achieve statistical significance for LBP and SC-LBP 
whereas CULI did not achieve statistical significance in simple linear form. The main reason for 
this result appears to be that TWA CLI reduces a tendency for multi-task jobs to skew towards 
high scores, as happens with the CULI. This increasing gradient or “stretch” of scores with CULI 
appears to create attenuation of risk at higher levels than cannot be easily explained by HWSE 
or measurement/sampling error alone. It should be noted; however, that while TWA simple 
linear models were statistically associated with LBP and SC-LBP the HRs were almost trivially 
small at about 1.06 per unit increase in score. This shallow slope is the result of attenuation of 
risk at higher exposures and that attenuation likely is the result of HWSE within the cohort. 

Table 15: Incident Analysis Comparison of CULI and TWA CLI 
Factor LBP SC-LBP LT-LBP 
CULI    
 Linear  0.988 (0.956 – 1.021) 

 aic: 5248.18 
 1.010 (0.967 – 1.060) 
 aic: 2618.10 

 0.989 (0.929 – 1.052) 
 aic: 1508.61 

 Spline ≤3.2: 1.146 (1.020 – 1.289) 
>3.2: 0.954 (0.908 – 1.003) 

≤3.2: 1.355 (1.139 – 1.613) 
>3.2: 0.945 (0.873 – 1.023) 

≤3.2: 1.260 (1.002 – 1.583) 
>3.2: 0.928 (0.833 – 1.034) 

  aic: 5243.07  aic: 2607.17  aic: 1505.52 

TWA CLI    

 Linear  1.073 (1.021 – 1.128) 
 aic: 5241.52 

 1.046 (0.968 – 1.131) 
 aic: 2617.05 

 1.084 (0.986 – 1.191) 
 aic: 1506.19 

 Spline ≤5.5: 1.146 (1.067 – 1.230) 
>5.5: 0.885 (0.740 – 1.057) 

≤4.9: 1.175 (1.105 – 1.322) 
>4.9: 0.770 (0.573 – 1.035) 

≤3.9: 1.256 (1.064 – 1.483) 
>3.9: 0.877 (0.680 – 1.133) 

  aic: 5237.07  aic: 2611.538  aic: 1503.46 
- Models adjusted for age, gender, BMI, and prior history of LBP 

Among the linear spline models, by comparison of AIC scores, TWA CLI performs better for 
LBP and LT-LBP, and CULI preforms better for SC-LBP. Upon closer examination it can be 
seen that for LBP and LT-LBP, both CULI and TWA CLI have similar rates of increased risk; 
about 1.15 and about 1.26, for LBP and LT-LBP, respectively. Whereas for SC-LBP, the CULI 
both performs better from an AIC score perspective, and has a stronger effect size with a 1.36 
versus 1.18 per unit rate of increase. Taken as a whole, this suggests that, of the two 
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approaches, CULI is more useful for quantifying and designing physical exposures from daily 
lifting and lowering with job rotation (Table 15). 

2.4.3 Exposure-Response for Lift/Lower Parameters 

Over the decades, several studies have investigated lifting parameters such as weight lifted, 
twisting while lifting, and bending while lifting as independent risk factors for LBP. Results of 
these studies have been inconclusive with regard to increased risk of LBP with few prospective 
studies and no prospective studies that have specifically aimed to study these factors with 
detailed quantification. In addition to the scientific curiosity and uncertainty, these independent 
lifting factors are important to study and quantify because they can be very easily translated into 
practical guidelines and policy for a variety of industries and are also very easily surveilled in 
nearly all working environments. 

2.4.3.1 Analyses of Individual Lift/Lower Parameters 

For this study, five independent parameters of lifting were studied by isolating RNLE variables 
and taking their maximum (or minimum where appropriate) values across all lifts/lowers and all 
tasks performed. These measures were: (1) peak weight lifted in lbs, (2) peak asymmetric 
angle, which serves as a proxy for “twisting” of the trunk while lifting, (3) peak horizontal location 
of the hands in inches, which serves as a proxy for reaching while lifting, (4) minimum vertical 
location of the hands, which serves as a proxy for bending while lifting, and (5) total lifting 
frequency across all tasks performed, expressed as average lifts per minute for a shift. 

To study these variables, both simple linear and linear spline models were built for each variable 
and incidence for each outcome (15 total models). All models were a-priori adjusted for age, 
gender, BMI, and lifetime history of LBP. AIC score was used to compare model performance 
within outcome. Results are presented in Table 16. 

Peak weight, peak twisting, peak reaching, and peak bending all showed association with LBP, 
SC-LBP, and LT-LBP. Total average frequency was associated with LBP and SC-LBP but not 
with LT-LBP. In general, and consistent with RNLE exposure results, linear spline models 
showed stronger associations because the splines could account for non-linearities that 
occurred above certain high-exposure thresholds. 

For peak weight, risk increased by between 1.7 and 2.4% per lb up to between 42 and 53 lbs, 
after which risk began to decrease (for LBP and SC-LBP) or stayed level (for LT-LBP. This 
translated to peak HRs of 2.3, 2.4 and 2.9 for LBP, SC-LBP, and LT-LBP, respectively. By AIC 
score, peak weight was the most predictive of the independent parameters for incidence of LBP 
(Table 16). 

For peak twisting, simple linear models were associated with increased risk of SC-LBP and LT-
LBP, with rates of increase of 0.9% and 1.1% per degree. However, linear spline models 
showed stronger associations and lower AIC scores than the simple linear models. For the 
spline models, peak twisting was associated with all three outcomes with rates of increase 
between 0.7 and 1.8% per degree of twisting up to between 73 and 83 degrees of trunk rotation. 
Beyond the knots risk was level, or in the case of SC-LBP risk began to statistically decrease. 
Peak HRs were 1.7, 3.7, and 4.3 for LBP, SC-LBP, and LT-LBP, respectively. By AIC score, 
peak twisting was the second best predictor of incidence of SC-LBP and LT-LBP. 
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Table 16: Incident Analyses of Peak Lifting Parameters 
Factor LBP SC-LBP LT-LBP 
Peak Weight (W)    
 Linear  1.000 (0.996 – 1.005) 

 aic: 5248.729 
 1.004 (0.998 – 1.009) 
 aic: 2616.84 

 1.005 (0.997 – 1.012) 
 aic: 1507.37 

 Spline ≤42: 1.020 (1.010 – 1.030) ≤53: 1.017 (1.007 – 1.027) ≤45: 1.024 (1.007 – 1.041) 
 >42: 0.983 (0.974 – 0.992) 

 aic: 5229.27 
>53: 0.980 (0.964 – 0.997) 
 aic: 2608.90 

>45: 0.986 (0.970 – 1.003) 
 aic: 1502.64 

Peak Twisting (A)    
 Linear  1.002 (0.999 – 1.005) 

 aic: 5247.76 
 1.009 (1.004 – 1.013) 
 aic: 2603.50 

 1.011 (1.005 – 1.016) 
 aic: 1494.96 

 Spline ≤73: 1.007 (1.002 – 1.011) ≤83: 1.016 (1.011 – 1.022) ≤82: 1.018 (1.010 – 1.026) 
 >73: 0.988 (0.976 – 0.999) 

 aic: 5242.71 
>83: 0.978 (0.955 – 0.997) 
 aic: 2591.391 

>82: 0.990 (0.972 – 1.010) 
 aic: 1490.84 

Peak Reach (H)    
 Linear  1.037 (1.018 – 1.056) 

 aic: 5234.03 
 1.091 (1.061 – 1.121) 
 aic: 2577.72 

 1.088 (1.051 – 1.127) 
 aic: 1484.76 

 Spline ≤31: 1.012 (0.985 – 1.041) 
>31: 1.075 (1.009 – 1.145) 
 aic: 5231.24 

≤30: 1.055 (1.010 – 1.102) 
>30: 1.149 (1.082 – 1.220) 
 aic: 2576.307 

≤30: 1.027 (0.973 – 1.085) 
>30: 1.182 (1.099 – 1.272) 
 aic: 1480.82 

Peak Bend (V)    
 Linear  0.993 (0.984 – 1.002) 

 aic: 5246.15 
 0.986 (0.973 – 0.999) 
 aic: 2613.52 

 0.987 (0.970 – 1.004) 
 aic: 1506.35 

 Spline ≤25: 0.984 (0.970 – 0.998) 
>25: 1.015 (0.987 – 1.044) 
 aic: 5245.705 

≤12: 1.067 (1.005 – 1.124) 
>12: 0.965 (0.946 – 0.985) 
 aic: 2607.74 

≤11: 1.123 (1.032 – 1.223) 
>11: 0.959 (0.935 – 0.984) 
 aic: 1497.95 

Frequency (F)    
 Linear  1.072 (1.026 – 1.120) 

 aic: 5239.99 
 1.048 (0.981 – 1.120) 
 aic: 2616.47 

 0.988 (0.893 – 1.094) 
 aic: 1508.70 

 Spline ≤4.1: 1.129 (1.044 – 1.223) 
>4.1: 1.003 (0.907 – 1.109) 
 aic: 5239.53 

≤5.7: 1.149 (1.046 – 1.262) 
>5.7: 0.726 (0.505 – 1.044) 
 aic: 2610.763 

≤5.6: 1.015 (0.893 – 1.153) 
>5.6: 0.868 (0.561 – 1.342) 
 aic: 1510.234 

For peak reach distance, simple linear models were predictive of increased risk of all three LBP 
outcomes with rates of increase between 3.7% and 9.1% per inch of reach. By AIC score 
comparison, linear splines performed better, but for all models the relationship showed a 
relatively shallow increase in risk up to the knots of 30 to 31 inches followed but a sharp and 
statistically significant increase in risk of between 7.5% and 18.2% per inch of reach. Given this, 
and given how well the simple linear models perform, it seems more practical to use the simple 
linear models. At 30 inches of horizontal reach and using the simple linear models, HRs are 3.0, 
13.6, and 12.6 for LBP, SC-LBP and LT-LBP respectively. Even accounting for a practical 
minimum of 8 inches of horizontal reach for any lift/lower, HRs at 30 inches (relative to 8”) are 
2.2, 6.8, and 6.4 for LBP, SC-LBP and LT-LBP, respectively. By AIC score, peak reach is the 
strongest predictor of SC-LBP and LT-LBP and the second strongest predictor of LBP. 
For peak bending, simple linear models were associated with SC-LBP and LT-LBP, but not with 
LBP. Linear spline models were associated with all three outcomes. Because the reference 
point is floor level, increasing height in inches represented less presumed bending and was thus 
protective at rates between 1.4% and 4.1% decrease in risk per inch of increased vertical 
location. Similar to peak reach, it is more practical to use simple linear models to describe the 
risk and while that can be done for the outcomes of SC-LBP and LT-LBP, it cannot easily be 
done for LBP due to a non-linearity in the exposure response when vertical location exceeds 25 
inches from the floor. Nonetheless, if we use the first leg of the linear spline for LBP and then 
the simple linear models for SC-LBP and LT-LBP, then the HRs at floor level, relative to 25” 
from floor level (i.e., just below typical waist height) are 1.5, 1.4 and 1.4, respectively. 
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For frequency, both linear and linear spline models were associated with increased risk of LBP 
and SC-LBP, and neither were associated with LT-LBP. For LBP, linear and linear spline 
models had similar AIC scores. For SC-LBP, the AIC score for the linear spline was markedly 
lower. For both outcomes, risk increased up to the knot and then statistically leveled. Rate of 
increase was 12.9% and 14.9% per lift per minute of frequency up to knots of 4.1 and 5.7 for 
LBP and SC-LBP, respectively. These produced peak HRs of 1.6 and 2.2 for LBP and SC-LBP 
respectively. 

Summary of Independent Lift/Lower Parameters and Primary Risk Factors 

Contrary to recent systematic reviews that have suggested that biomechanical factors do not 
appear to be independent risk factors for LBP, these results suggest that not only are 
biomechanical risk factors independent risk factors, but also that they are potentially strong 
ones. HRs for these simple, independent factors are comparable to, or greatly exceed those of 
the RNLE measures. This suggests that peak exposures have an outsized influence on risk for 
LBP, SC-LBP, and LT-LBP among all physical exposure to a worker. 

2.4.3.2 Interactions Between Individual Lift/Lower Parameters 

Based on the strength of the results for the independent parameters, simple interactive models 
were created between load (i.e., peak weight) and the other factors, and between peak twisting 
and the other factors. In addition, a combination of bending (i.e., vertical location) and frequency 
was examined. For all scenarios, parameters were split at their medians and then combined into 
four groups where both were below their medians, both were above their medians, and two 
categories where one or the other were above their medians. Combinations with peak load are 
reported in Table 17 and with peak twisting and bending with frequency are reported in Table 
18. 

For load-twist combinations, none of the combinations was associated with LBP. For SC-LBP 
and LT-LBP, peak load above the median alone was not associated, but peak twisting above 
the median alone was associated with HR of 1.8 for SC-LBP and 3.8 for LT-LBP. For peak load 
and peak twisting together, HRs were markedly higher at 3.4 for SC-LBP and 6.7 for LT-LBP. 
Thus, for LBP and SC-LBP, peak weight and peak twisting did not seem to be interacting with 
one another (i.e., no association, or association comparable to independent factor models), but 
for LT-LBP there appears to be an interaction between peak load and peak twisting (i.e., HR is 
increased well beyond the independent factor alone. By AIC score comparison, combinations of 
load and twisting are the best predictors of SC-LBP and LT-LBP from among the combination 
models. For SC-LBP the combination of load and twisting has comparable AIC to twisting alone, 
whereas for LT-LBP the combination model has much lower AIC than twisting alone. 

For load and reach, there was at least some association with all three outcomes, but the 
association with LBP was weak and confined to only the combination of high reach and high 
load. For SC-LBP and LT-LBP, load only showed no effect whereas reach only showed HRs of 
1.5 and 1.9 for SC-LBP and LT-LBP, respectively, and increased to 2.1 and 2.4 for SC-LBP and 
LT-LBP, respectively when both reach and load were high. However, it should be noted that AIC 
values for all these models are higher than for models with reach alone. A scheme to analyze 
load-moment across the wide variety of tasks and subtasks that workers perform would be 
needed to further study this potentially important interaction between reach and load. 
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Table 17: Incident Analyses of Interactions Among Peak Lifting Parameters and Peak 
Load 

Factor LBP SC-LBP LT-LBP 
Load-Twist     
 Low, Low  1.00  1.00  1.00 
 Load Only  1.06 (0.86 – 1.30)  1.10 (0.80 – 1.51)  1.15 (0.72 – 1.82) 
 Twist Only  1.17 (0.84 – 1.64)  1.78 (1.10 – 2.87)  3.79 (2.13 – 6.75) 
 Load+Twist  1.42 (0.96 – 2.11)  3.37 (2.02 – 5.59)  6.66 (3.60 – 12.31) 
  aic: 5261.55  aic: 2591.26  aic: 1473.38 
Load-Reach    
 Low, Low  1.00  1.00  1.00 
 Load Only  0.93 (0.73 – 1.19)  0.95 (0.66 – 1.37)  0.97 (0.57 – 1.63) 
 Reach Only  1.29 (0.95 – 1.74)  1.54 (1.00 – 2.37)  1.93 (1.13 – 3.31) 
 Load+Reach  1.50 (1.16 – 1.95)  2.06 (1.45 – 2.93)  2.44 (1.54 – 3.86) 
  aic: 5252.40  aic: 2592.68  aic: 1495.04 
Load-Bend    
 Low, Low  1.00  1.00  1.00 
 Load Only  0.94 (0.70 – 1.26)  1.23 (0.83 – 1.82)  1.21 (0.70 – 2.10) 
 Bend Only  1.09 (0.85 – 1.39)  1.06 (0.73 – 1.53)  1.14 (0.69 – 1.88) 
 Load + Bend  1.22 (0.97 – 1.54)  1.29 (0.92 – 1.81)  1.48 (0.96 – 2.29) 
  aic: 5260.73  aic: 2608.81  aic: 1509.53 
Load-Frequency    
 Low, Low  1.00  1.00  1.00 
 Load Only  0.92 (0.71 – 1.21)  0.93 (0.64 – 1.37)  1.09 (0.68 – 1.74) 
 Hi Freq Only  1.20 (0.94 – 1.53)  0.99 (0.69 – 1.43)  0.68 (0.41 – 1.15) 
 Load+Hi Freq  1.42 (1.11 – 1.82)  1.61 (1.14 – 2.27)  1.26 (0.79 – 2.01) 
  aic: 5253.75  aic: 2602.08  aic: 1507.86 

- All models adjusted for age, gender, BMI, and prior history of LBP 

For load and bend, and load and frequency there were no apparent associations with any of the 
three outcomes. 
For twist and reach (Table 18) there was at least some association with all three outcomes, but 
similar to load and reach, the association with LBP was weak and confined only to the 
combination of high twist and high reach. For SC-LBP, the parameters were significant when 
isolated and had increased HR of 4.7 when combined. For LT-LBP, reach only was not 
significant but show an elevated HR. Twist only was significant and the combination of twist and 
reach had HR of 8.6 – perhaps suggesting an important interaction between twisting and 
reaching. AIC scores for these models were the same or lower than for models with reaching 
alone. However, it should be noted that HRs were lower than from models with reaching as the 
lone independent physical exposure factor. 
For combinations of twisting and frequency, associations were found for all three outcomes. 
However, for LBP the combination category was not significant. For SC-LBP and LT-LBP the 
high frequency only category was not significant and the combination category had lower HRs 
than twist only. Nonetheless, the AIC score for the twisting and frequency model with LT-LBP 
outcome was lower than the model for twisting alone or frequency alone suggesting some 
relevance between these factors, at least for the data from this cohort. 
Bending (i.e, vertical location) and frequency showed no association with SC-LBP or LT-LBP 
and association with LBP was confined to only the combination category and the HR was 
relatively low at 1.5. 
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Table 18: Incident Analyses of Interactions Among Peak Lifting Parameters and Peak 
Twisting, and Interaction Between Bending and Lifting Frequency  

Factor LBP SC-LBP LT-LBP 
Twist-Reach     
 Low, Low  1.00  1.00  1.00 
 Reach Only  1.22 (0.96 – 1.56)  1.53 (1.05 – 2.22)  1.44 (0.85 – 2.42) 
 Twist Only  0.90 (0.61 – 1.31)  1.77 (1.03 – 3.01)  2.83 (1.49 – 5.35) 
 Twist+Reach  1.98 (1.38 – 2.83)  4.67 (2.97 – 7.32)  8.62 (4.78 – 15.55) 
  aic: 5236.22  aic: 2580.34  aic: 1463.95 
Twist-Bend    
 Low, Low  1.00  1.00  1.00 
 Bend Only  1.16 (0.95 – 1.42)  1.23 (0.89 – 1.71)  1.06 (0.68 – 1.67) 
 Twist Only  1.24 (0.89 – 1.73)  2.81 (1.74 – 4.52)  3.46 (1.91 – 6.26) 
 Twist+Bend  1.50 (1.00 – 2.26)  3.07 (1.83 – 5.16)  7.01 (3.77 – 13.06) 
  aic: 5247.75  aic: 2594.317  aic: 1472.24 
Twist-Frequency    
 Low, Low  1.00  1.00  1.00 
 Hi Freq Only  1.40 (1.13 – 1.73)  1.31 (0.95 – 1.80)  0.95 (0.59 – 1.54) 
 Twist Only  1.52 (1.06 – 2.19)  2.94 (1.86 – 4.66)  5.23 (2.96 – 9.24) 
 Twist+Hi Freq  1.38 (0.97 – 1.98)  1.88 (1.82 – 4.56)  3.60 (1.98 – 6.54) 
  aic: 5240.40  aic: 2593.433  aic: 1475.86 
Bend-Frequency    
 Low, Low  1.00  1.00  1.00 
 Bend Only  0.91 (0.71 – 1.17)  0.99 (0.69 – 1.42)  1.10 (0.70 – 1.72) 
 Freq Only  1.01 (0.78 – 1.31)  1.14 (0.79 – 1.64)  0.75 (0.45 – 1.26) 
 Bend+Hi Freq  1.54 (1.20 – 1.97)  1.43 (0.98 – 2.07)  1.17 (0.72 – 1.91) 
  aic: 5235.80  aic: 2618.11  aic: 1509.91 

- All models adjusted for age, gender, BMI, and prior history of LBP 

2.5 Practical Implications 

This study and the independently conducted studies that underly it were designed with the aim 
of quantifying associations between occupational physical exposures and outcomes of LBP. 
None of the studies had primary aims to quantify associations with individual, or psychosocial 
variables. Thus, physical exposure samples, while fundamentally samples of convenience, were 
nonetheless relatively well balanced with regard to exposure distribution and this overall 
distribution was improved by combining all the studies. All other factors included in the study 
were purely convenience samples and so while some potentially important associations were 
found for factors such as supervisor support, it is not clear that those results are generalizable 
to the field. Similarly, though the study is well powered, negative findings for individual and 
psychosocial factors should not be interpreted as providing evidence of no effect in general, but 
rather as stating that those factors had no effect among these workers. 
For translation to field practice there are a few primary aspects to consider: (1) are the findings 
useful for surveillance, (2) are the findings useful for design and/or intervention, and (3) are the 
tools needed to implement the findings readily available and simple to use. In these regards this 
study has potentially very important results. 
From a health and safety surveillance perspective the findings that simple measures such as 
peak weight, peak reach, and peak twisting are strong predictors of LBP outcomes is very 
positive. These parameters are very easy to quantify and monitor. Further, regular monitoring in 
a given industry can create internal data that could potentially be used to implement company-
wide policies (e.g., reduce the weight of kits/bins in a manufacturing facility to not more than 
35lbs). Similarly, the fact that pkFILI works as well as CULI for incidence analyses could 
dramatically simply what is needed for semi-comprehensive surveillance of complex working 
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environments. Workers and supervisors could be surveyed to determine which tasks are 
perceived to be most biomechanically difficult and those tasks could be quantified using the 
FILI. Because the FILI incorporates several factors (albeit without frequency) and results in a 
consistent numerical score, the resulting information could be used to help prioritize jobs for 
further investigation and/or intervention. 
From a job design standpoint, validation of the RNLE and in particular all aspects of its 
measures – FILI, CLI, and CULI – is comforting. The RNLE has proven remarkably flexible and 
able to be used to analyze and design everything from simple tasks to complex multi-task jobs. 
While this study suggests that there are potentially meaningful differences between how well the 
different measures perform with regard to risk prediction, they nonetheless provide stable and 
consistent measures of exposure that are directly and predictably related to one another. These 
later attributes are critical for any engineering or design tool to be used over long periods and 
especially in any industry that relies on a continuous improvement approach to processes. 
Lastly the RNLE is freely available and though it does require some training to use properly, the 
tools is not inherently difficult to understand and does not require intense knowledge of 
biomechanics or physiology to use. In this regard, companies of all sizes can implement the 
RNLE in all manner of ways ranging from simple pencil and paper analyses for small companies 
to customized software and instrument assisted data collection for large organizations. 
An important confirmation of this study is the consistent and strong presence of prior history of 
LBP. This finding is not new. However, in the context of well-measured biomechanical factors 
these results should help to emphasize the critical importance of preventing or at least 
substantially delaying first onset of prolonged LBP. 

2.6 Conclusion 

The RNLE pkFILI, pkCLI, and CULI were consistently associated with prevalence and incidence 
of LBP, SC-LBP, and LT-LBP. Peak task exposure (pkCLI) was most strongly associated with 
prevalence and peak sub-task exposure (pkFILI) was most strongly associated with incidence. 
CULI effectively comparable to pkFILI for predicting risk of incidence of LBP outcomes which 
might be useful when considering tools to use for new job design. 

Peak parameters of lifting/lowering such as peak weight, peak reaching and peak twisting were 
consistently and strongly associated with incidence of all three LBP outcomes. These measures 
are simple to surveil and thus could be useful factors to regularly monitor in work settings. 

Increased age was associated with prevalence of LBP but not SC-LBP or LT-LBP. Conversely, 
increased age was protective for incidence of LBP. Gender and BMI were not associated. 
Psychosocial factors such as coworker support and job satisfaction were associated with 
prevalence of all three outcomes but not incidence. Lifetime history of LBP was associated with 
prevalence and incidence outcomes. In prevalence analyses LBP history appeared to confound 
the effects of physical exposure and reduced the ORs of the RNLE measures by 40 to 50%. 
Psychosocial factors deserve further investigation as their consistent association with 
prevalence suggests that studies constructed with the primary aim of quantifying risk of LBP and 
associated outcomes due to psychosocial strains might reveal important associations that this 
study could not. 

Overall, evidence is provided that biomechanical exposures are independent risk factors for 
LBP and related outcomes. The findings of this study should help inform future research and 
intervention strategies. Continuous exposure-response relationships provide a basis for 
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companies to develop exposure policies. The RNLE provides a foundation for detailed job 
design, evaluation, and decision making. Associations with individual parameters of lifts/lowers 
provide a basis for simple surveillance strategies. 
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2.9 Inclusion Enrollment Table 
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2.10 Inclusion of Children Document 

Data were collected at places of employment. Children 18 years and older were not excluded 
from enrollment in the original studies. A total of 99 children had their data included in these 
pooled analyses (5.0% of participants). Because the children were legally adults, there were no 
differences in how they were treated by their employers. Similarly, the original investigators 
treated participants between 18-21 years identically to those 21 years of age or older. 

2.11 Materials Available for Other Investigators 

Data for this study are voluminous and intrinsically complex. Analyses are ongoing. Currently, 
data are not in formats suitable to share without restriction (dataset(s) for each analysis must be 
generated from raw information using scripts – assumptions that require detailed knowledge of 
the underlying data and methods are required to build these scripts). Investigators interested in 
using these data may contact the project PI (J. Kapellusch). The PI and co-Investigators are 
willing to partner with other investigators to further analyze and explore these data. 

2.12 Appendix 

Table 19: Descriptive Statistics for Individual and Biomechanical Variables 
Variable N Mean ± SD Min – Max % 
AgeA 1976 36.3 ± 11.5 18 – 69  
AgeB 1650 35.5 ± 11.3 18 – 69  
GenderA 

 Female 
 Male 

 
487 
1489 

 
--- 
--- 

 
--- 
--- 

 
24.6 
75.4 

GenderB 
 Female 
 Male 

 
385 
1265 

 
--- 
--- 

 
--- 
--- 

 
23.3 
76.7 

BMIA 1976 28.3 ± 6.1 15.8 – 85.7 --- 
BMIB 1650 28.0 ± 6.0 15.8 – 85.5 --- 
LBP HxA 

 No 
 Yes 

 
1580 
396 

 
--- 
--- 

 
--- 
--- 

 
80.0 
20.0 

LBP HxB 

 No 
 Yes 

 
1294 
356 

 
--- 
--- 

 
--- 
--- 

 
78.4 
21.6 

CULIB 1650 3.65 ± 2.30 0.20 – 36.54 --- 
pkCLIB 1650 3.30 ± 1.57 0.20 – 12.80 --- 
pkFILIB 1650 2.47 ± 1.07 0.10 – 7.55 --- 
Peak Weight (lbs)B 1650 45.8 ± 19.4 0.5 – 119.8 --- 
Peak Twisting (degrees)B 1650 57.5 ± 33.6 0 – 169.7 --- 
Peak Reaching (inches forward)B,C 1650 32.1 ± 6.6 10.9 – 43.3 --- 
Peak Bending (inches from floor)B,D 1650 12.9 ± 9.0 0 – 53 --- 
Total Frequency (Lifts per Minute)B 1650 2.4 ± 1.8 0.1 – 14.9 --- 

A Overall prevalence (i.e., maximum N) 
B Prevalence Analyses Sample (i.e., complete baseline N) 
C RNLE Horizontal Location of Hands, includes on-handed lifts 
D RNLE Vertical Location of Hands 
 


