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High-Intensity Resistance and Impact Training
Improves Bone Mineral Density and Physical Function
in Postmenopausal Women With Osteopenia and
Osteoporosis: The LIFTMOR Randomized Controlled
Trial

Steven L Watson,1,2 Benjamin K Weeks,1,2 Lisa J Weis,3 Amy T Harding,1,2 Sean A Horan,1,2

and Belinda R Beck1,2,3

1School of Allied Health Sciences, Griffith University, Gold Coast, Queensland, Australia
2Menzies Health Institute Queensland, Gold Coast, Queensland, Australia
3The Bone Clinic, Brisbane, Queensland, Australia

ABSTRACT
Optimal osteogenic mechanical loading requires the application of high-magnitude strains at high rates. High-intensity resistance

and impact training (HiRIT) applies such loads but is not traditionally recommended for individuals with osteoporosis because of a

perceived high risk of fracture. The purpose of the LIFTMOR trial was to determine the efficacy and tomonitor adverse events of HiRIT

to reduce parameters of risk for fracture in postmenopausal women with low bone mass. Postmenopausal women with low bone

mass (T-score < –1.0, screened for conditions and medications that influence bone and physical function) were recruited and

randomized to either 8months of twice-weekly, 30-minute, supervised HiRIT (5 sets of 5 repetitions,>85% 1 repetitionmaximum) or

a home-based, low-intensity exercise program (CON). Pre- and post-intervention testing included lumbar spine and proximal femur

bone mineral density (BMD) and measures of functional performance (timed up-and-go, functional reach, 5 times sit-to-stand, back

and leg strength). A total of 101 women (aged 65� 5 years, 161.8� 5.9 cm, 63.1� 10.4 kg) participated in the trial. HiRIT (n¼ 49)

effects were superior to CON (n¼ 52) for lumbar spine (LS) BMD (2.9� 2.8% versus –1.2� 2.8%, p< 0.001), femoral neck (FN) BMD

(0.3� 2.6% versus –1.9� 2.6%, p¼ 0.004), FN cortical thickness (13.6� 16.6% versus 6.3� 16.6%, p¼ 0.014), height (0.2� 0.5 cm

versus –0.2� 0.5 cm, p¼ 0.004), and all functional performance measures (p< 0.001). Compliance was high (HiRIT 92� 11%; CON

85� 24%) in both groups, with only one adverse event reported (HiRIT: minor lower back spasm, 2/70 missed training sessions). Our

novel, brief HiRIT program enhances indices of bone strength and functional performance in postmenopausal womenwith lowbone

mass. Contrary to current opinion, HiRIT was efficacious and induced no adverse events under highly supervised conditions for our

sample of otherwise healthy postmenopausal women with low to very low bone mass. © 2017 American Society for Bone and

Mineral Research.
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Introduction

Exercise has been proposed as a potential strategy tomanage

osteoporosis;(1) however, the magnitude of benefit of

exercise intervention is traditionally perceived as modest at

best.(1–3) It is known that bone responds preferentially to

mechanical loads that induce high-magnitude strains(4) at high

rates(5) or frequencies(6) and that weight-bearing loading is

vital.(7) High-intensity, progressive resistance and impact

weight-bearing training (HiRIT) can be employed to generate

such loads but have not been routinely prescribed by health care

professionals in the absence of evidence to support its efficacy

and safety. Instead, osteoporosis exercise guidelines typically

recommend only moderate-intensity exercises (70% to 80%

1 repetition maximum [RM], 8 to 15 repetitions) for individual

muscle groups that are unlikely to generate the requisite skeletal

strain to stimulate an osteogenic response.(8) It is, therefore,

unsurprising that previous exercise programs have produced

modest, if any, improvements in indices of bone strength.(2)

By contrast, large multi-joint compound exercises such as the

squat and deadlift that are conducted in weight-bearing

positions and involve extensive muscle recruitment have the

potential to apply large loads at clinically relevant bone sites

such as the spine and hip.(9,10) Few studies have investigated the
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effects of heavy-lifting programs or large multi-joint compound

movements on osteoporosis. A small 12-week intervention of

high-intensity (85% to 90% 1 repetition maximum) machine-

based squats for postmenopausal women with low bone mass

was found to be safe but did not enhance bone mineral density

at the femoral neck (FN) or lumbar spine (LS).(11) This finding

must be interpreted with caution however, in light of the

inadequate duration of the trial to detect changes in bonemass,

as well as the very small sample size. A 12-month study of squats

and deadlifts at moderate intensity modified LS and FN bone

mineral density (BMD) by 0.4% and –1.2%, respectively, in early

postmenopausal women.(12) Thus a knowledge gap of whether

an adequate duration program of high-intensity weight-bearing

loading is efficacious and safe for the bones of people with

osteoporosis remained.

The primary aim of the Lifting Intervention for TrainingMuscle

and Osteoporosis Rehabilitation (LIFTMOR) trial was to deter-

mine the efficacy of brief, bone-targeted HiRIT for improving FN

and LS BMD in postmenopausal women with low to very low

bone mass. The secondary aims were to determine if HiRIT

improves bone geometry, improves physical function, and is

safe in postmenopausal women with low bone mass. We

hypothesized that 1) HiRIT training would induce greater

improvements in bone and physical function than a low-

intensity exercise control program, and 2) HiRIT would not cause

more injuries than a low-intensity exercise control program for

postmenopausal women with low to very low bone mass.

Materials and Methods

Study design

The LIFTMOR study was a single-blind, randomized, controlled,

exercise intervention trial. Eligible participants were randomized

to 8 months of 30-minute, twice-weekly, supervised HiRIT, or

unsupervised low-intensity home-based exercise (CON), with an

allocation ratio of 1:1 (Fig. 1). The 8-month trial period was

selected as the requisite duration for bone adaptation and

mineralization to be sufficiently detectable on dual-energy X-ray

absorptiometry (DXA). Although the duration of a bone

remodeling cycle is approximately 4 months, there is a degree

of lag before new bone can be detected radiologically as the

osteoid mineralizes.(13) Although BMD changes have previously

been observed fromDXA after only 6months of intense physical

intervention,(14) we chose to extend the intervention period a

further 2 months to maximize the opportunity to detect a

treatment effect in our primary BMD outcome measures.

Stratified randomization was based on existence or absence

of established (12 months’ exposure or lack of exposure)

osteoporosis medication. At the completion of baseline testing,

participants were stratified randomized, based on current

presence or absence of osteoporotic medication, utilizing

sequentially numbered opaque envelopes. The randomization

sequence was produced by an external investigator via a

random number generator (Microsoft Excel, Microsoft, Red-

mond, WA, USA) to generate either a 0 or 1, corresponding with

CON or HiRIT, respectively. Once a potential participant was

deemed eligible for participation, random group allocation was

performed by a study investigator (SW) asking the participant to

open the next sequentially numbered opaque envelope

stratified on osteoporosis medication use. The trial was

registered on the Australian and New Zealand Clinical Trials

Registry (anzctr.org.au; CTR number: ACTRN12616000475448)

and ethical approval was granted by the Griffith University

Human Research Ethics Committee (approval number: AHS/07/

14/HREC). After trial registration, a minor change was made to

the inclusion criteria with theminimumage of eligibility reduced

to 58 years from the originally stipulated “60 years of age.” The

current manuscript reports a subset of data collected in the

LIFTMOR trial. Remaining data are to be published in a

subsequent manuscript. A full list of primary and secondary

outcomes can be found at the Australian and New Zealand

Clinical Trials Registry. Written informed consent was obtained

from every study participant.

Participants

Postmenopausal women older than 58 years with low bone

mass (T-score< –1.0 at the hip and/or spine) were recruited from

the community via posters, radio, newspaper, television, and

word-of-mouth from May 2014 to November 2015 and all had

completed the intervention by August 2016. Potential partic-

ipants were screened for eligibility and excluded if they had

any of the following: lower limb joint injury or surgery; recent

fracture (within the last 12 months) or localized back pain;

less than 5 years postmenopause; malignancy; uncontrolled

cardiovascular disease; cognitive impairment; recent X-ray or

radiation treatment; contraindications for participating in heavy

physical activity; conditions known to influence bone health

(eg, thyrotoxicosis or hyperparathyroidism, Paget’s disease,

renal disease, diabetes, or immobility); taking drugs (other than

osteoporosis medications) known to influence bone (eg,

prolonged use of corticosteroids, thyroxine, thiazides, or

antiretroviral agents), or unable to attend the supervised

training program if so assigned (Fig. 1).

Intervention exercise program

Participants allocated to the intervention group participated in

an 8-month, twice-weekly, 30-minute, supervised HiRIT program

at Griffith University, Gold Coast, Australia, or The Bone Clinic,

Brisbane, Australia. To ensure safe transition to high-intensity

exercise, the first month of the intervention comprised body

weight and low-load exercise variants, with a focus on

progressively learning the movement patterns of the HiRIT

exercises. All participants were able to perform the 4

fundamental exercises of the intervention within 2 months.

Resistance exercises (deadlift, overhead press, and back squat)

were performed for the remainder of the intervention period in 5

sets of 5 repetitions, maintaining an intensity of >80% to 85%

1 RM. Participants performed up to 2 sets of deadlifts at 50% to

70% of 1 RM to serve as a warm-up, as required. Impact loading

was applied via jumping chin-ups with drop landings.

Participants were instructed to grasp an overhead bar with

their shoulders and elbows flexed to 90 degrees, and their hands

shoulder width apart with an underhand grip. The participant

then jumped as high as possible while simultaneously pulling

themselves as high as possiblewith their arms. At the peak of the

jump, the participant dropped to the floor, focusing on landing

as heavily as comfortably possible. Each exercise session was

performed in small groups with amaximum of 8 participants per

instructor, who was an exercise scientist and physiotherapist.

Control exercise program

The goal of a positive control group (CON) was to maximize

participant retention. Participants allocated to CON undertook
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an 8-month, twice-weekly, 30-minute, home-based, low-intensity

(10 to 15 repetitions at<60%1RM) exercise programdesigned to

improve balance and mobility but provide minimal stimulus

to bone. The CON program consisted of walking for warm-up

(10 minutes) and cool down (5 minutes), low-load resistance

training (lunges, calf raises, standing forward raise, and shrugs)

and stretches (side-to-side neck stretch, static calf stretch,

shoulder stretch, and side-to-side lumbar spine stretch). The

intensity of resistance exercises was progressed from body

weight to amaximum of 3 kg handweights for the final month of

the program.

Data collection

Participants were required to attend a 2-hour testing session at

the Griffith University Gold Coast campus at baseline (T0) and

follow-up (T1). Outcomes included anthropometrics, regional

measures of bone, dietary calcium, physical activity, and

functional performance. All measures were performed by a

single unblinded investigator; however, to limit observer-

expectancy bias, BMD outcome measures were verified by a

blinded investigator.

Anthropometrics

Height and body mass were measured using a wall-mounted

stadiometer (Seca 216, Ecomed Trading Pty Ltd, Seven Hills,

Australia) and mechanical balance scales (Seca 700, Ecomed

Trading Pty Ltd), respectively. Body mass index (BMI) was

calculated per the accepted formula (BMI¼weight/height2,

kg/m2).

Lifestyle characteristics

Bone-relevant lifetime (tBPAQ) and current (cBPAQ) physical

activity participation scores were derived from the Bone-Specific

Physical Activity Questionnaire (BPAQ),(15) using a custom-

designed Microsoft Visual Basic executable program (www.

fithdysign.com/BPAQ/). Participants were instructed to record

all physical activity undertaken during their lifetime (for a season

or more on a weekly basis), and all activities engaged in over the

past 12 months, to determine tBPAQ and cBPAQ, respectively.

Daily calcium intake was estimated using an Australian

calcium-specific questionnaire (AusCal).(16) Participants re-

corded consumption frequency and serving size of common

calcium-containing foods and supplements, and data were

Fig. 1. CONSORT diagram of participant flow. ITT¼ intention to treat; PP¼per protocol.
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analyzed using recognized dietary software (Foodworks 2007

Version 7, Xyris, Brisbane, Australia) to determine average daily

calcium intake in milligrams.

Bone measures

Skeletally non-dominant FN and LS BMD (g/cm2) were obtained

using DXA. During the trial period, a change in DXA model was

necessary, such that the first 50 participants (Norland XR-800,

Norland Medical Systems, Inc., Trumbull, CT, USA) and the final

51 (Medix DR, Medilink, France) were measured on different

devices. Each individual participant, however, was measured on

the same DXA at baseline and follow-up. Short-term measure-

ment reliability for FN and LS DXA scans was 1.1% and 0.4%, and

1.7% and 1.0% for the Norland and Medix DR devices,

respectively.

Non-dominant proximal femur DXA scans for the final 51

participants (HiRIT, n¼ 25; CON n¼ 26) that were conducted on

the Medix DR were additionally analyzed using 3D Hip software

(DMS Group, Mauguio, France), to derive FN trabecular and

cortical volume, trabecular and cortical bone mineral content

(BMC), trabecular and cortical volumetric BMD, and FN cortical

thickness. 3D parameters were determined according to

manufacturer guidelines. Markers were placed on the standard

2D image using the cursor at the distal edge of the lesser

trochanter and the superior and inferior junctions of the FN and

head of the femur. The 3D Hip software then automatically

reconstructed the femur based on both shape and BMD

distribution of the standard 2D image. Reconstructions were

performed by comparing individual 2D DXA scans to a reference

set of proximal femur QCT scans for similarities to determine the

reference scan of best fit. Once a reference scan was identified,

the surface mesh of the reference scan was transformed to

maximize similarities to the 2D DXA image. Finally, 2D BMD was

transformed to match the shape model based on bone surface

points to maintain BMD spacial distribution.(17)

Quantitative ultrasound (QUS) (Lunar Achilles TM Insight, GE

Lunar, Madison, WI, USA) was used to assess both skeletally

dominant and non-dominant heels to obtain calcaneal broad-

band ultrasound attenuation (BUA) (db/MHz), speed of sound

(SOS) (m/s), and stiffness index (SI) (unitless).

Physical performance

Physical performance was determined from functional, muscle

strength, and neuromuscular performance measures. All

were performed in the same sequence at T0 and T1, and by

the same investigator,with standardized instructions tomaximize

uniformity between participants. Maximal isometric muscle force

was determined for both lower limb and back extensor muscles.

Lower limb extensor strength (LES) was determined using an

isometric dynamometer (TTM Muscular Meter, Tokyo, Japan).(18)

Back extensor strength (BES) was measured using the Manual

Muscle Testing System dynamometer (Lafayette Instrument

Company, Lafayette, IN, USA).(19) Three trials were performed

for both strength tests, and the highest force in kg across the 3

trials was used for analysis. Functional performance was

determined using the timed up-and-go test (TUGT),(20) 5 times

sit-to-stand test (FTSTS),(21) and functional reach test (FRT).(22)

Three trials were performed for each functional performance test,

with the best performance used for analysis.

Lower limb neuromuscular performance was determined

from the maximal vertical jump test on a force plate (AMTI,

Watertown, MA, USA). Ground reaction forces were captured at

1000Hz using Vicon Nexus software version 1.8 (Vicon, Oxford

Metrics, Oxford, UK). The participant performed 4 maximal

vertical jump trials without arm swing, with a 30-second rest

interval between trials as previously described.(19) Vertical

ground reaction forces were analyzed from the point of

stationary standing to the point of landing to determine

impulse using custom-written software in Matlab version 7.8.0

(The MathWorks, Natick, MA, USA). All impulse measures were

normalized to body mass and expressed as relative impulse

(N�s/kg). The trial with the greatest relative impulse was used for

analysis.

Safety and compliance

Participant safety and compliance was determined at training

sessions and from individual training diaries. One hundred

percent compliance was deemed to be the completion of 70

sessions over a period of 8 calendar months. Before each HiRIT

exercise session, participants were asked to record any injuries,

falls, changes to their diet, medications, well-being or physical

activity participation and to rate their muscle soreness (10-point

visual analogue scale). Investigators contacted CON participants

weekly, either by telephone or e-mail, to obtain the same

information and to remind participants to complete their

training diaries.

Statistical analysis

Statistical analysis was undertaken using SPSS statistical

software (Version 21; IBM Inc., Chicago, IL, USA). Descriptive

statistics were generated for participant characteristics, bio-

metrics, and all dependent variables. Both per protocol and

intention-to-treat (mean values imputed) analyses were con-

ducted. One-way ANOVA was used to examine differences

between HiRIT and CON at baseline, whereas repeatedmeasures

ANCOVA was used to determine main effects for dependent

variables. Initial values, age, and compliance were applied as

covariates for all analyses, with the addition of physical activity

participation and dietary calcium as covariates for bone

analyses. All statistical outcomes were examined against a

p value of 0.05 to determine statistical significance. To adjust for

multiple comparisons, Fisher’s LSD method was applied.

An a priori sample size calculation was conducted based on

effect size data reported in a similar machine-based resistance

training (80% 1 RM) trial of postmenopausal women.(23) One

hundred participants were required to achieve a minimum of

80% statistical power to detect between-group differences of

2.7� 4.5% for FN BMD and 3.5� 3.6% for LS BMD, accounting

for a dropout rate of 20%.

Results

Participant characteristics at baseline

A total of 406 postmenopausal women consented to participate

in the LIFTMOR trial, of whom 101 met the inclusion criteria,

completed initial testing, and were randomized to either HiRIT

(n¼ 49) or CON (n¼ 52). The LS and FN T-scores of the

participants included in the trial ranged from 0.0 to –3.9, with

44 (43.6%) (CON 21, HiRIT 23) participants being classified as

osteoporotic and the remaining 57 being osteopenic at one or

other of the sites. Twenty-seven participants (28%) reported an

osteoporotic fracture within the last 10 years, 11 (41%) of which

were a consequence of a fall. Participant 5-year risk of hip or
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other osteoporotic fracture was 4� 6% and 8� 10%, respec-

tively, and 12� 8.4% and 23� 14% for 10-year fracture risk,

from the Garvan fracture risk calculator (https://www.garvan.

org.au/promotions/bone-fracture-risk/calculator/). Of those

excluded, the common reasons were: unable to attend session

locations or times (n¼ 108), medical contraindications to

heavy physical training (n¼ 101) (which included current

musculoskeletal injury/condition [n¼ 63], uncontrolled car-

diovascular disease [n¼ 11], undergoing treatment for cancer

[n¼ 10], neurological condition that limited exercise capacity

or exposed the individual to risk of injury [n¼ 6], ongoing

surgical management for chronic medical condition [n¼ 5],

and undisclosed medical reasons [n¼ 6]), and already

undertaking resistance training (n¼ 38) (Fig. 1). CON (n¼ 10)

and HiPRT (n¼ 10) had a similar distribution of participants on

osteoporosis medication. The only significant between-group

difference at baseline was for the TUGT, on which HiRIT

performed more slowly (Table 1).

Eight-month change in anthropometrics and lifestyle
characteristics

The HiRIT group exhibited an increase in height (0.2� 0.5 cm

versus –0.2� 0.5 cm, p¼ 0.004; 95% confidence interval [CI]

0.0% to 0.3% versus 0.0% to –0.3%) compared with the CON

group (ITT). Similar to the ITT analyses, per protocol analyses

indicated preferential improvements in height for HiRIT

compared to CON (Table 2). There were no significant

between-group differences in change for weight, cBPAQ, or

daily calcium intake.

Eight-month change in body composition

Eight-month change in bone outcomes are presented in Table 3

(per protocol). Percent change in LS BMD ranged from –3.4% to

12.4% for HiRIT, with only 8/43 (18.6%) participants having a

reduction in LS BMD at follow-up compared with –6.9% to 5.8%,

and 31/43 (72.1%) of participants having a reduction in LS BMD

for CON. Participants in the HiRIT group exhibited FN BMD

percent changes ranging from –6.0% to þ6.8%, with 15/52

(28.8%) experiencing a reduction at follow-up compared with

–8.5% to 3.9%, and 27/43 (62.8%) of participants having a

reduction in FN BMD for CON. Unadjusted ITT analyses produced

similar findings, with the HiRIT effect being superior to CON for

LS BMD (2.9� 3.0% versus –1.2� 2.3%, p< 0.001; 95%CI 2.1% to

3.6% versus –1.9% to –0.4%) and FN BMD (0.1� 2.7% versus

–1.8� 2.6%, p¼ 0.001; 95% CI –0.7% to 0.8% versus –2.5 to

–1.0%), with non-significant change in QUS SOS (0.3� 1.0%

versus 0.2� 1.1%, p¼ 0.951; 95% CI –0.0% to 0.6% versus –0.1%

to –0.5%). When adjusting for covariates, SOS was significantly

higher for HiRIT than CON (0.3� 1.0% versus 0.2� 1.0%,

p¼ 0.009; 95% CI 0.0% to 0.6% versus –0.1% to –0.5%). Similar

to the unadjusted analyses, HiRIT effect was superior to CON for

LS BMD (2.9� 2.8% versus –1.2� 2.8%, p< 0.001; 95%CI 2.1% to

3.7% versus –1.9% to –0.4%), and FN BMD (0.3� 2.6% versus

–1.9� 2.6%, p¼ 0.004; 95% CI –0.5% to 1.0% versus –2.7% to

–1.2%). There were no significant between-group differences in

change between HiRIT and CON for QUS SI or BUA (Fig. 2A).

Subgroup analyses were undertaken to determine differences in

response between those on and off osteoporosismedication. No

between-group differences were observed between partici-

pants taking or not taking osteoporosismedications for either LS

(CON: –0.2� 3.4% versus –1.4� 2.2%, p¼ 0.192; HiRIT:

2.4� 3.1% versus 3.0� 3.4%, p¼ 0.631) or FN BMD (CON:

–1.9� 3.4% versus –1.7� 2.8%, p¼ 0.835; HiRIT: 1.5� 2.2%

versus –0.3� 3.0%, p¼ 0.119) in either the CON or HiRIT groups.

Eight-month change in proximal hip geometry parameters are

presented in Table 4. The HiRIT groupwas superior to CON for FN

cortical BMC (7.7� 21.3% versus 6.2� 21.3%, p¼ 0.028; 95% CI

–1.7% to 17.0% versus –2.6% to 15.2%) and FN cortical thickness

(13.6� 16.6% versus 6.3� 16.6%, p¼ 0.027; 95% CI 6.2% to

20.9% versus –0.8% to 13.3%) (ITT). Furthermore, there was a

within-group increase in FN cortical volume for HiRIT

(9.8� 16.7%, p¼ 0.024). No other between-group differences

were observed for parameters of FN geometry.

Eight-month change in physical performance

Eight-month change in physical performance measures is

presented in Table 5 (per protocol). In ITT analyses, HiRIT

improved LES (35.2� 19.8% versus 8.1� 20.7%, p< 0.001; 95%

CI 29.1% to 41.2% versus 2.1% to 14.1%), BES (36.0� 22.4%

versus 11.0� 22.4%, p< 0.001; 95% CI 29.3% to 42.8% versus

4.5% to 17.5%), TUGT (4.4� 6.0% versus –1.7� 6.0%, p< 0.001;

95%CI 2.7% to 6.0% versus�3.3% to�0.3%), FTSTS (11.6� 7.5%

versus 1.7� 7.5%, p< 0.001; 95% CI 9.5% to 13.7% versus�0.3%

to 3.9%), FRT (5.4� 7.2 % versus 0.1� 7.2%, p< 0.001; 95% CI

3.4% to 7.5% versus –1.8% to 2.1%) and VJ (6.2� 14.5% versus

2.5� 14.6%, p< 0.001) compared with CON (Fig. 2B).

Table 1. Baseline Participant Characteristics (n¼ 101)

Parameter CON (n¼ 52) HiRIT (n¼ 49) p Value

Age (years) 65� 5 65� 5 0.993

Weight (kg) 62.2� 9.5 63.9� 11.3 0.415

Height (cm) 161.9� 6.4 161.6� 5.4 0.810

BMI (kg/m2) 23.7� 3.2 24.5� 4.6 0.302

Osteoporosis medication

Bisphosphonate 5 6

Denosumab 3 4

HT 2 0

LS BMD (g/cm2) 0.820� 0.107 0.821� 0.106 0.950

LS T-score –2.1� 0.8 –2.1� 0.8 0.914

FN BMD (g/cm2) 0.681� 0.62 0.698� 0.082 0.258

FN T-score –2.1� 0.5 –1.9� 0.7 0.208

BUA (dB/MHz) 97.1� 11.3 100.5� 19.1 0.268

SOS (m/s) 1536.0� 26.6 1538.6� 25.6 0.606

SI 74.8� 13.3 76.2� 12.9 0.590

BES (kg) 32.2� 9.5 31.6� 11.1 0.784

LES (kg) 60.3� 14.7 60.3� 17.6 1.000

TUGT (sec) 5.9� 0.6 6.3� 0.7 0.008a

FTSTS (sec) 9.9� 1.5 9.9� 1.2 0.939

FRT (cm) 41.1� 4.7 40.0� 5.9 0.291

Vertical jump (N�s/kg) 1.30� 0.32 1.28� 0.25 0.228

tBPAQ 16.5� 17.5 12.4� 11.3 0.172

cBPAQ 0.74� 1.24 0.71� 1.24 0.907

Dietary calcium (mg) 1006� 596 892� 457 0.286

BMI¼body mass index; HT¼hormone therapy; LS¼ lumbar spine;

BMD¼bone mineral density; FN¼ femoral neck; BUA¼broadband

ultrasound attenuation; SI¼ stiffness index; SOS¼ speed of sound;

LES¼ leg extensor strength; BES¼back extensor strength; TUGT¼

timed up-and-go test; FTSTS¼ five times sit-to-stand; FRT¼ functional

reach test; cBPAQ¼ current bone-specific physical activity questionnaire

score; tBPAQ¼ total bone-specific physical activity questionnaire score.
aBetween-group difference (p< 0.05).
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Safety and compliance

Of the 101 participants who commenced the trial, 6 and 9

participantswere lost to follow-up forHiRIT andCON, respectively.

The main reason for dropout was the inability to attend training

times because of work (n¼ 3) or family (n¼ 2) commitments for

the HiRIT group and unrelatedmedical conditions (n¼ 4) and lack

of interest (n¼ 3) for the CONgroup (Fig. 1). Oneparticipant in the

HiRIT was excluded from the analysis after follow-up testing due

to revealing a previously undisclosed change in bone medication

during the trial period. Compliance was slightly higher for HiRIT

(92� 11%) compared with CON (85� 24%), but the difference

was not statistically significant (p¼ 0.112). A single adverse event

occurred in the HiRIT group during the more than 2600 training

sessions. At week 28, the participant experienced amild low-back

muscle strain on a final repetition of the last deadlift set. She

missed the following 2 training sessions (1 week) before being

able to recommence trainingwith nil concerns thereafter andwas

able to complete the intervention as prescribed. Falls data were

also collected throughout the trial,with7participants (CON,n¼ 2;

HiRIT,n¼ 5) experiencinga fall over the trial period, noneofwhich

resulted in an injury to theparticipant and all tookplace outsideof

trial exercise sessions.

Discussion

The aim of the LIFTMOR trial was to determine the efficacy and

tomonitor adverse events of an 8-month, brief, supervised HiRIT

program for bone and functional outcomes for postmenopausal

women with low to very low bone mass. HiRIT was superior to

CON for bone mass, FN geometry, and physical function

compared with a low-intensity home exercise program serving

as a positive control. Importantly, no fractures or major adverse

events were observed, suggesting HiRIT may be safe for

postmenopausal women with low to very low bone mass,

despite previous safety concerns.

Myriad exercise trials to improve bone health of postmeno-

pausal women have been conducted with varying results. The

majority of resistance training studies have implemented

moderate-intensity programs (8 to 12 repetitions at 67% to

80% 1 RM) that have induced only modest benefits to BMD at

the hip or spine, with a mean treatment effect of 0.3% at both

sites.(2) A 12-month randomized controlled trial in early

postmenopausal women utilizing large compound exercises

similar to the LIFTMOR trial has previously been conducted but

only at a moderate-loading intensity. The latter study reported

12-month changes of 0.4% and –1.2% for LS and FN BMD,

respectively.(12) To our knowledge, there has been no trial of

adequate size and/or duration (�8 months) to determine the

efficacy of high-intensity loading to improve bone mass in

postmenopausal women with low to very low bone mass; thus,

our findings are novel. Our observed improvements in BMD

surpass previous reports from reputable exercise interventions,

an observation that could be considered intuitive in light of the

well-known positive relationship between load magnitude and

bone adaptation.(24,25) The limiting feature of high-intensity

resistance training in this demographic has traditionally been

the perceived increased risk of fracturing fragile bone with

heavy loading. We believe this overly conservative approach has

contributed to an unnecessary stagnation in the field. The

evidence from the LIFTMOR trial that high-intensity loading can

indeed be tolerated by postmenopausal women with low to

Table 2. Baseline and 8-Month Measures (� SD) With Adjusted Change in Anthropometrics and Lifestyle Characteristics After an

8-Month Exercise Intervention in Postmenopausal Women With Low Bone Mass (Per Protocol Data, n¼ 86)

CON (n¼ 43) HiRIT (n¼ 43)

Parameter Baseline Follow-up % Change Baseline Follow-up % Change p Value

Weight (kg) 62.4� 9.2 62.2� 9.4 0.0� 2.3 63.5� 10.0 63.5� 10.1 –0.1� 2.2 0.860

Height (cm) 162.0� 6.0 161.8� 6.0 –0.2� 0.6 161.4� 5.5 161.6� 5.5a 0.2� 0.6 0.006b

BMI (kg/m2) 23.7� 3.1 23.7� 3.0 –0.0� 0.9 24.5� 4.4 24.4� 4.3 –0.1� 0.9 0.863

cBPAQ 0.61� 0.97 0.62� 1.0 0.01� 0.51 0.61� 0.75 0.54� 0.80 –0.08� 0.85 0.579

Daily calcium intake (mg) 1026� 636 972� 615 –53� 369 972� 615 897� 438 10� 282 0.364

BMI¼body mass index; cBPAQ¼ current bone-specific physical activity questionnaire score.
aWithin-group difference (p< 0.05).
bBetween-group difference based on adjusted percent change (p< 0.05).

Table 3. Baseline and 8-Month Measures (� SD) With Adjusted Percent Change in DXA and QUS-Derived Measures of Bone After an

8-Month Exercise Intervention in Postmenopausal Women With Low Bone Mass (Per Protocol Data, n¼ 86)

CON (n¼ 43) HiRIT (n¼ 43)

Parameter Baseline Follow-up % Change Baseline Follow-up % Change p Value

LS BMD (g/cm2) 0.816� 0.097 0.807� 0.098a –1.2� 3.1 0.823� 0.108 0.846� 0.116a 2.9� 3.1 <0.001b

FN BMD (g/cm2) 0.682� 0.059 0.670� 0.059a –2.0� 3.0 0.699� 0.086 0.700� 0.084 0.3� 3.0 0.025b

BUA (dB/MHz) 97.7� 11.8 98.4� 11.3 0.8� 7.6 98.0� 10.6 99.0� 13.2 1.0� 7.6 0.534

SI 74.9� 13.5 76.1� 12.5 2.0� 6.8 75.7� 12.7 77.7� 13.6 2.7� 6.8 0.200

SOS (m/s) 1535� 26 1538� 28 0.2� 1.1 1538� 25 1542� 27.5 0.3� 1.1 0.006b

LS¼ lumbar spine; BMD¼bone mineral density; FN¼ femoral neck; WB¼whole body; BUA¼broadband ultrasound attenuation; SI¼ stiffness index;

SOS¼ speed of sound.
aWithin-group difference (p< 0.05).
bBetween-group difference based on adjusted percent change (p< 0.05).
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very low bonemass justifies a quantum change in attitude in this

regard. The graduated introduction of loading, close ongoing

supervision, and focus on correct technique were key to the

evident safety of the protocol and the ability of the LIFTMOR

participants to tolerate the program. We do not recommend

individuals with low bonemass undertake the LIFTMOR protocol

in an unsupervised environment, even after notable training,

because it is not possible to self-monitor technique.

The use of the Medix DR DXA and 3D Hip software that has

been validated against QCT(17) provided the novel opportunity

to examine the response of parameters of proximal femur

geometry that are known to be associated with structural

strength.(26–28) Although the FN BMD response to HiRIT was

modest (reflecting essentially a maintenance effect), we

observed superior results for FN BMC, cortical thickness,

and volume in the HiRIT group compared with CON. Although

trabecular changes were not observed, the increase in

cortical mass is particularly important because cortical bone is

the predominant contributor to FN compressive strength

(>90%).(26) That is, cortical thickness is strongly associated

with femoral neck failure loads,(27) highlighting the relevance of

optimizing cortical elements of bone geometry to protect

against hip fractures.

Exercise is recognized to be an effective and feasible

treatment modality to prevent falls.(29) Falls prevention exercise

programs are generally multimodal, including balance and

functional and resistance training, and can effect a 61%

reduction in falls resulting in fracture.(29) Although the current

intervention did not have sufficient power to examine falls,

improvements were nevertheless observed in characteristics

that reduce the risk of falling, namely muscle strength and

functional and neuromuscular performance. The improvements

observed in lower limb strength are similar to those reported

previously after resistance training, in the realm of 25% to

35%,(12,30) and parallel the increase in all functional and

neuromuscular performance measures (TUGT, FRT, VJ, and

FTSTS). Similar functional performance improvements have

been observed in previous studies.(31–34) TUG, FTSTS, and

functional reach scores have previously been shown to be

related to balance and incident falls.(22,35,36) Improvements in

those functional performance scores therefore suggest HiRIT

may not only reduce the risk of fracture by enhancing

parameters of bone strength but by preventing falls in

postmenopausal women with low bone mass.

Because safety concerns around high-intensity loading for

womenwith low bonemass have previously discouraged others

from recommending (or even testing) it as a therapy for

osteoporosis, adverse events were an important outcome

measure in the LIFTMOR trial. A modicum of evidence had

previously been reported for the safety of HiRIT in postmeno-

pausal women with low bone mass, albeit limited by small

sample size and short duration.(11) Our study similarly provides

preliminary evidence for the feasibility and safety of a HiRIT

exercise program for otherwise healthy postmenopausal

women with low to very low bone mass, as no serious or

chronic injuries related to the intervention were sustained.

Further research is required to confirm safety of HiRIT exercise

for individuals with comorbidities. The single minor low-back

muscle strain limited training for 1 week, after which time

training loadwas progressively increased over 2 weeks such that

the remainder of the program could be completed as prescribed

without any further concern. Although we observed no serious

adverse events in the LIFTMOR trial, we were not adequately

powered to assess safety as an outcome. Furthermore, our

sample was relatively healthy, as volunteers with underlying

musculoskeletal or serious cardiovascular comorbidities were

excluded. We therefore recommend circumspection when

applying our findings beyond the sample demographic and

appropriate screening for contraindications to high-intensity

resistance and impact training. The 92% compliance rate of the

HiRIT group in the current study compares favorably to that of

previous resistance training studies that range from 59% to 92%

for 6 to 12 months of training.(12,23,37–39) Adherence was also

high for both groups, with dropout rates of 12% and 17% for

HiRIT and CON, respectively. The main reason for dropout was

the inability to attend supervised sessions as a consequence of

work or family commitments (Fig. 1). Lack of time is a common

barrier to exercise, with adherence being as low as 50% in the

first 6 months of some exercise programs.(12,40) The high

compliance and adherence rates observed in the LIFTMOR trial

Fig. 2. Eight-month change (� SE) in (A) bone and (B) physical

performance for HiRIT and CON after an 8-month exercise intervention

in postmenopausal women with low bone mass (n¼ 101). LS¼ lumbar

spine; BMD¼bone mineral density; FN¼ femoral neck; BUA¼broad-

band ultrasound attenuation; SI¼ stiffness index; SOS¼ speed of sound;

LES¼ leg extensor strength; BES¼back extensor strength; TUGT¼

timed up-and-go test; FTSTS¼ five times sit-to-stand; FRT¼ functional

reach test; VJ¼ vertical jump. �Indicates between-group difference

(p< 0.05).
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suggest that HiRIT is feasible and sufficiently appealing to

postmenopausal women to be successfully implemented more

broadly.

Although not originally a primary outcome measure, we

observed that HiRIT improved stature compared with CON. The

observed improvement in stature after HiRIT is likely to be a

consequence of increased BES, as BES is inversely associated

with magnitude of kyphosis.(41) Our results add support to the

findings of other exercise intervention studies that have

demonstrated improvements in BES by 21% and corresponding

kyphosis reductions of 5° to 6° in postmenopausal hyper-

kyphotic women.(42)Notably, improvements in BES and kyphosis

have been associated with a decreased incidence of vertebral

fracture(43) and are therefore highly clinically significant.

Several study limitations warrant acknowledgement. First, a

change of DXA device was necessary during the trial period. To

reduce the impact of this change, every participant was scanned

at baseline and follow-up on the same DXA scanner. Further-

more, statistical comparisons of the magnitude of treatment

effects detected by the Norland and the Medix revealed no

differences (data not reported). Second, we were unable to

examine bone biomarkers, serum 25OHD, or circulating

hormones and are therefore unable to account for the effects

of those factors or their interactions on the study outcomes.

Although unable to control for serum 25OHD, ensuring all

participants were at least 5 years postmenopause reduced the

influence of fluctuations in estrogen during the study period.

Third, our data represent a composite of study participants on

and off osteoporosis medications. To control for this highly

influential variable, we stratified randomization on the basis of

medication. Ultimately, 10 participants were randomized to

each group, and no within-group differences in treatment effect

were observed for our primary outcomes of FN or LS BMD from

exploratory analyses of the medication-based subgroups. It is

also important to note that preliminary findings were pub-

lished.(19) The unblinding of data has the potential to result in

observer-expectancy bias. To minimize the effect of a lack of the

assessor blinding to group allocation at follow-up and the

potential for observer-expectancy bias, BMD analyses were

independently verified by an investigator who was blind to

group allocation. Finally, although the use of 3D Hip software

may provide insight into changes in geometry of the proximal

femur, the software is very new and the association of geometric

parameters to hip fracture is unknown.

In conclusion, the LIFTMOR trial is the first to show that a

brief, supervised, twice-weekly HiRIT exercise intervention was

efficacious and superior to previous programs for enhancing

bone at clinically relevant sites, as well as stature and functional

performance of relevance to falls in postmenopausal women

with low to very low bone mass. Further, that no fractures or

Table 4. Baseline and 8-Month Measures (� SD) With Adjusted Percent Change in Skeletally Non-dominant Proximal Femur Geometry

Derived From 3D DXA After an 8-Month Exercise Intervention in Postmenopausal Women With Low Bone Mass (Per Protocol Data,

n¼ 44)

CON (n¼ 23) HiRIT (n¼ 21)

Parameter Baseline Follow-up % Change Baseline Follow-up % Change p Value

FN trabecular volume (cm3) 11.18� 1.80 10.82� 1.63 –0.8� 11.9 10.91� 1.60 10.65� 1.88 –2.9� 12.0 0.963

FN cortical volume (cm3) 1.59� 0.31 1.68� 0.30 5.1� 16.7 1.59� 0.30 1.71� 0.35a 9.8� 16.7 0.492

FN total volume (cm3) 12.77� 1.93 12.51� 1.80 –0.2� 10.8 12.51� 1.66 12.36� 2.00 –1.4� 10.7 0.987

FN trabecular BMC (g) 2.01� 0.49 1.88� 0.43 –2.9� 29.5 2.10� 0.55 2.02� 0.57 –0.3� 29.6 0.159

FN cortical BMC (g) 1.10� 0.23 1.15� 0.20 6.2� 21.3 1.10� 0.27 1.15� 0.25 7.7� 21.3 0.028b

FN total BMC (g) 3.11� 0.61 3.03� 0.54 –0.2� 23.6 3.20� 0.76 3.17� 0.74 1.7� 23.7 0.077

FN trabecular vBMD (g/cm3) 0.181� 0.038 0.176� 0.041 –2.5� 28.8 0.194� 0.500 0.196� 0.074 2.4� 28.9 0.798

FN cortical vBMD (g/cm3) 0.697� 0.121 0.689� 0.107 0.8� 15.0 0.698� 0.162 0.692� 0.189 –1.9� 15.1 0.310

FN total vBMD (g/cm3) 0.244� 0.037 0.244� 0.044 –0.3� 24.3 0.258� 0.6 0.265� 0.093 3.7� 24.3 0.830

FN cortical thickness (mm) 0.90� 0.16 0.97� 0.16 6.3� 16.6 0.92� 0.19 1.00� 0.18a 13.6� 16.6 0.027b

FN¼ femoral neck; BMC¼bone mineral content; vBMD¼ volumetric bone mineral density; TH¼ total hip.
aWithin-group difference (p< 0.05).
bBetween-group difference based on adjusted percent change (p< 0.05).

Table 5. Baseline and 8-Month Measures (� SD) With Adjusted Percent Improvement in Functional Performance After an 8-Month

Exercise Intervention in Postmenopausal Women With Low Bone Mass (Per Protocol Data, n¼ 86)

CON (n¼ 43) HiRIT (n¼ 43)

Parameter Baseline Follow-up % Change Baseline Follow-up % Change p Value

Leg extensor strength (kg) 59.2�14.7 61.4� 13.7 5.1� 23.1 62.5� 16.3 80.7� 13.9a 37.1� 20.3 <0.001b

Back extensor strength (kg) 32.5� 9.3 34.2� 10.3 10.9� 25.1 32.8� 10.3 42.6� 8.7a 36.3� 24.1 <0.001b

Timed up-and-go (sec) 5.9� 0.6 6.1� 0.6a –2.2� 6.3 6.2� 0.7 5.8� 0.5a 4.3� 6.0 <0.001b

Five times sit-to-stand (sec) 9.8� 1.4 9.6� 1.2 1.7� 8.1 9.8� 1.2 8.6� 1.1a 11.6� 7.9 <0.001b

Functional reach test (cm) 40.9� 4.9 40.8� 4.7 0.1� 8.0 40.3� 5.5 42.4� 5.3a 5.5� 7.6 <0.001b

Vertical jump (N�s/kg) 1.34� 0.24 1.35� 0.26 3.6� 16.0 1.24� 0.26 1.31� 0.28 5.1� 16.0 <0.001b

aWithin-group difference (p< 0.05).
bBetween-group difference based on adjusted percent change (p< 0.05).
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other serious injuries were sustained by any participant in our

study suggests that HiRIT does not pose a significant risk for

postmenopausal women with low bone mass when closely

supervised, despite a commonmisconception to the contrary. In

light of the very positive bone, function, safety, and feasibility

outcomes of the LIFTMOR trial, we believe HiRIT to be a highly

appealing therapeutic option for the management of osteopo-

rosis in postmenopausal women with low to very low bone

mass.
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