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Abstract: Background Jump landings have been quantified as a stimulus for bone health programs, however they may not be
suitable for some populations. Currently, studies quantifying alternative types of lower body exercises are limited and no studies
have quantified upper body exercises for inclusion in bone health programs. This study sought to quantify and determine the
reliability of a heel drop and push up drop exercise to determine whether they achieve magnitudes and rates of force previously
shown to improve bone mass among premenopausal women. Methods Twenty women (Mean +£SD: 41.7 £5.6 y; 68.2 £10.6 kg;
165.0 +7.6 cm) performed heel drops and push up drops on a Kistler force plate. Results The magnitude (4.9 BW’s) and rate (357
BW:s™) of force for the heel drop, exceeded previously determined thresholds (>3BW’s and >43 BW-s ') and the push up drop
exceeded (147 BW-s ') the rate of force threshold. The heel drop force data demonstrated moderate to good (0.45 to 0.80)
reliability, and the push up drop demonstrated moderate to excellent (0.50 to 0.84) reliability. Significantly (p<0.001) greater
ground reaction force variables were observed in the heel drop compared to the push up drop (ES=2.60 to 4.96). Conclusion The
heel drop and push up drop could provide a unique osteogenic training stimulus for at risk populations and be incorporated into
exercise programs to improve bone health. Longitudinal osteogenic training studies are needed to provide the dose-response
relationships associated with bone remodelling and insight into the design and prescription of bone health programs.
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1. Introduction

Osteoporosis is a disease of the skeleton, characterised by
low bone density, micro-architectural deterioration, and
compromised bone strength [1-3]. This disease leads to an
increased risk of osteoporotic fractures, with vertebral, hip
and distal forearm being the most common areas for
osteoporotic fractures [4]. The operational definition of
osteoporosis is based on the estimation of bone mineral
density (BMD) [5]. Osteoporosis is responsible for fractures
in over 50% of women and 20% of men globally [6], with
approximately 52 million people with osteoporosis or
osteopenia in the United States alone, with this number
expected to increase to 61 million in 2020 [7]. It is evident
that females are at greater risk than men for osteoporotic

fractures, more specifically post-menopausal women. This is
due to women having less bone mass than adult men, and
after menopause, a woman’s bone mass rapidly decreases [8,
9]. The primary reason for this bone loss following
menopause is due to the oestrogen deficiency. It is estimated
that a 50-year-old white female has a 15-20% lifetime risk of
hip fracture and a 50% risk of any osteoporotic fracture [3,
10]. Other special populations which may be at risk of
osteoporosis are athletes that participate in low impact sports
such as swimming and cycling [11], as well as athletes
middle- and long-distance track athletes due to risk factors
such as prolonged distance running, lower body mass index
and fat free mass, and menstrual dysfunction [12-14].
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Wolff’s Law states that bone has the ability to adapt to
mechanical loads under which it is placed, therefore
suggesting that mechanically induced strain is a primary factor
which affects bone formation. Research has investigated the
threshold of strain required to achieve skeletal adaptation,
with Frost hypothesising that mechanical forces exceeding
this remodelling threshold would therefore stimulate bone
formation, as well as increase overall bone strength and mass
[15]. A previous case study, focusing on an individual that had
an instrumented titanium rod implanted into his proximal
femur, demonstrated that there are significant correlations
between vertical ground reaction forces and internal forces at
the femur for specified movements such as, the
countermovement jump and drop jump [16]. Within this case
study, Bassey and Colleagues [16] also stated that there was
greater ground reaction force activity during jump landing
movements, compared to jogging.

Researchers have demonstrated that peak vertical landing
forces of 3 BW’s and peak loading rates of 43 BW.s
achieved during a countermovement jump, resulted in
significant increases (2.8%) in BMD in the femur [17].
Previous studies that have been shown to increase BMD in
the femoral neck among premenopausal women have utilised
brief jumping protocols (10-100 jumps per day), 3-7 days per
week, with studies ranging from 4-18 months duration
[17-22]. These studies used loading magnitudes of between
2-6 BW’s, suggesting that an effective osteogenic threshold
is around this range for magnitude of strain, for jumping and
hoping exercises. Within the current literature, the
quantification of bilateral vertical jumps has been
documented by several research groups, which all slightly
varied. These groups focused on the effect of instructions
given [23, 24], and different landing mechanics [24, 25].

Given that jump type exercises can be difficult to perform,
especially for special populations, it is of importance to
determine whether other exercises can reach these
pre-determined thresholds. Recent research has shown that a
simple stomping exercise can reach these pre-determined
osteogenic thresholds. Ryan and colleagues [27] found that a
stomping exercise could be autoregulated among
pre-menopausal women using a rate of perceived exertion
(RPE) scale, with stomps performed at an RPE 5 producing
resultant magnitudes of 3.08 and 2.89, BW’s and rates of
strain 199 and 180, BW-s' for right and left legs respectively.
Stomping movements performed at higher exertions (RPE 8)
were shown to significantly (p<0.001) exceed both the
pre-determined thresholds (4.58 and 4.42, BW’s and 344 and
333, BW-s) and the stomps performed at easy to moderate
exertions (RPE 5). To the authors knowledge, this is currently
the only study that has determined osteogenic thresholds for a
lower body exercise that didn’t involve jumping that could be
performed by special populations with contraindications
related to jump landings.

Another major gap within the literature is that all of the
current exercises shown to improve bone health are lower
body exercises. The current osteogenic thresholds refer
specifically to the hip and lumbar spine. Given that the radius

is a clinically relevant site, and the distal forearm is one of
the most common areas for osteoporotic fractures [4, 29], it
is important to develop and quantify exercises that can
stimulate bone formation in the upper body. In order to
prescribe bone health programs for individuals its necessary
to quantify a range of novel exercises (for upper and lower
body) that can be utilised and progressively overloaded to
optimise bone remodelling adaptations among special
populations for the preventative treatment of osteoporosis.
The current study sought to determine whether the exercises
‘heel drop’ and ‘push up drop’ reach osteogenic thresholds
previously determined by Bassey and Colleagues [17], in
premenopausal women. It was hypothesised that, a) the heel
drop would exceed previously established magnitudes
(>3BW’s) and rates of force (> 43 BW.s™" thought
prerequisite for improving bone health, and b) the push up
drop would exceed the previously established rate of strain
(>43 BW.s') but not the magnitude of force due to
participants having points of contact off the force plate and
thus less mass on the force plate.

2. Methods
2.1. Approach to the Problem

Exercise has been utilised as a preventative strategy for
improving bone density in premenopausal women [17-19, 21,
24, 29]. Researchers have quantified a series of jumping,
hoping and stomping exercises to determine whether they
exceed thresholds thought to stimulate bone (3x BW and 43
BW-s) [17, 24, 27, 29]. The aim of this study was to quantify
the heel drop and push up drop exercise utilizing a cross
sectional descriptive design to determine whether they reach
previously determined osteogenic thresholds shown to
improve bone health in premenopausal women. Twenty
healthy women performed heel drop and push up drop
exercises onto a Kistler (Kistler Instruments, Victoria,
Australia) force plate (length 900 mm x width 600 mm x
height 100 mm). Such a design was previously used to
quantify the stomp exercise [27] and bilateral vertical [24] and
multidirectional jumps with reactive jump landings in
premenopausal women [29].

2.2. Participants

Twenty health premenopausal women took part in this study.
A summary of their descriptive characteristics is presented in
Table 1. Participants were provided with a participant
information sheet and completed an informed consent form.
This sample size, study design and demographics are similar
to previous studies [17, 21, 24, 27]. Inclusion criteria for this
study was that participants must have a regular menstrual
cycle, indicating premenopausal status (approximately 30-50
y). A participant was excluded if any medical problems were
reported, such as injury, arthritis, osteoporosis or balance
issues that impacted their ability to perform the heel drop or
push up drop movement. These medical problems were
identified on a pre-exercise questionnaire.
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Table 1. Descriptive characteristics of subjects (mean + SD).

All Participants (n = 20)

Demographics

Age (y) 41.7+5.6
Height (cm) 165.0+7.6
Body mass (kg) 68.2+10.6
BMI 25.0+3.5
Body fat (%) 27.5+£55
Maximal Countermovement Jump

Vertec jump height (cm) 36.4+6.0

2.3. Procedures

Participants were required to attend a familiarisation
session before they completed the testing session. During this
familiarisation session, participants filled in a pre-screening
questionnaire containing information about injuries or
medical issues that may exclude them from the study. Height
was measured using a portable stadiometer, and body mass
and composition were measured using a Hologic dual-energy
x-ray absorptiometry (DXA) Discovery fan beam
(Marlborough, Massachusetts, USA). This machine has been
shown to have excellent validity [30]. The DXA is considered
the gold standard measurement for BMD [5]. A Vertec
yardstick (Swift Performance Equipment, Wacol, Australia),
was used to collect maximal vertical jump height for each
participant. This data was taken at the end of the warm up.
This data was used to determine baseline jumping and lower
body power abilities [24, 27, 29, 31]. Before jump
commencement, the participants reach height was determined
by reaching as high as possible, allowing scapular elevation,
the researcher then adjusted the Vertec height accordingly. The
participant was then encouraged to jump and touch the highest
vane possible on the Vertec device.

Participants were then given a demonstration of the heel
drop and push up drop exercises. The participant was then
asked to practice the heel drop exercise on the force plate (3
practice submaximal heel drops). All movements were
performed in bare feet (see Figures 1 and 2) in order to
standardise the testing between all participants. It has been
suggested that the natural elastic components of the body are
able to provide greater protection to loading forces in
comparison to footwear [16, 24]. For the heel drop exercise,
participants were instructed to come up as far as possible onto
their toes, keeping their hands by their sides and to drop as
quickly as possible onto their heels. After completing two heel
drop trials on the force plate, the participants then followed the
same protocol for the push up drop movement. Submaximal
push up drops were performed in a modified push up drop
position (knees on the floor). Push up drops were performed
off 20 cm blocks, which was the same height previously
utilised for drop jump landings among premenopausal women
[24]. For the push up drop exercise, participants were
instructed to stay up on their toes and get into a full press up
position with their hands onto the 20 cm blocks. They were
instructed to push off the blocks using their arms and adduct
their arms to clear the blocks for the descent. Participants were
instructed to land stiffly with arms straight and hands landing
onto the force place. Prior to performing the movements

during the testing session, each participant completed a light
S-minute standardised warm-up on the Watt bike (Wattbike
Trainer, Nottingham, United Kingdom), and included 10
submaximal countermovement jumps, 10 modified press ups.
After participants completed the warm-up they performed the
vertical jump test. Data is presented as an average of the two
trials for both movements (mean + SD).

Figure 1. Lateral view of the heel drop being performed. A) Start Position; B)
Top of heel drop,; C) Moment before heel impact; D) Finishing position.

2.4. Data Analysis

All force-time data were filtered using a second order
low-pass Butterworth filter (cut off frequency 20 Hz) with
zero lag. The force-time data was calculated in Microsoft
Excel 2013 and presented as peak values (i.e. N, BW and
BWs™"). Peak resultant forces were calculated as the square
root of each axes (X? + Y2 + Z?) and used to calculate the rate
of force development over 10 ms taken from the steepest part
of the slope between the initial start of the landing force and
the peak landing force [1]. A pictorial representation of the
force profiles for the heel drop and press up drop utilised in
this study are presented (Figure 3).

r 1 1 1

A

Figure 2. Lateral view of the push up drop being performed. A) Starting
Position; B) Take off from blocks; C) Contact and finishing position.

2.5. Statistical Analysis

Stem and leaf plots were used to ascertain whether there were
any outliers in the data for each variable. After extreme outliers
were removed, descriptive statistics were calculated and
reported as mean and standard deviations. Paired t-tests were
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used to determine if statistical differences existed among force
variables between the heel drop and the push up drop.
Classifications of effect size (0.2 to 0.5, 0.51 to 0.8 and >0.8)
[32] were calculated to determine the magnitude of the
differences between exercises. Within session reliability was
evaluated by intraclass correlation coefficient (ICC) using a
two-way random effects model, absolute agreement and
average measures ICC. ICCs were classified as follows: 'poor’
(£ 0.40), 'moderate’ (0.41 - 0.60), 'good' (0.61 - 0.80), or
'excellent' (>.81) [33, 34]. 95% confidence intervals (95% CI)
were calculated for all reliability measures. Internal
consistency was assessed using Cronbach Alpha. All data
analyses were conducted using SPSS 25.0 for Windows (SPSS
Inc., Chicago, IL, USA). Significance was set at p < 0.05.

3. Results

Bassey and Colleagues [17] established osteogenic
thresholds for magnitude of force (>3BW’s) and rate of force
(43 BW-s™). Both the heel drop (BW-s™) and push up drop (147
BW.s™") exceeded this rate of force threshold. In regard to the
magnitude of force, only the heel drop (4.9 BW’s) exceeded the
previously established jump-landing osteogenic threshold.

Significant (p < 0.001) differences were found between the
heel drop and push up drop for all force variables. Large effect
sizes (2.60 to 4.96) in favour of the heel drop were observed
for all force variables. Ground reaction force data for the heel
drop and push up drop is presented in Table 2.
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Figure 3. Resultant force profiles of the heel drop (top) and push up drop
(bottom,).

The within-session reliability of the heel drop and push up
drop, was calculated using ICC’s. The results are presented in
Table 3. Moderate to good reliability was shown between
trials for the heel drop and moderate to excellent reliability
was shown for the push up drop.

Table 2. Ground reaction forces associated with the heel drop and push up drop.

Variables Heel Drop Push up Drop Difference (%) ES
Peak Vertical Force (N) 3243 + 722" 1231 £292 62 3.97
Peak Resultant Force (N) 3185+ 584" 1259 +£295 60 438
Peak Vertical Force (BW) 48+0.7 1.9 +0.47 60 4.96
Peak Resultant Force (BW) 49+0.72" 2.0+0.48 59 4.8
Peak Rate of Force Development (N) 2321+ 709" 969 + 333 8 2.6
Peak Rate of Force Development (BW.s™) 357.5+99" 147 + 51 59 2.81

*Significantly different p <0.001 to the push up drop; ES effect size.

Table 3. Test-retest reliability of the heel drop and push up drop.

Test — retest reliability ICC (SinMea) 95% CI ICC (AvgMea) 95% CI CA Qualitative Inference
Heel Drop

Peak Vertical Force (N) 0.66° 0.32t0 0.85 0.80° 0.49 to 0.92 0.79 Good
Peak Resultant Force (N) 0.67° 0.33t0 0.85 0.80° 0.49 t0 0.92 0.79 Good
Peak Vertical Force (BW) 0.45° 0.01 to 0.74 0.62° 0.01 t0 0.85 0.61 Good
Peak Resultant Force (BW) 0.45° 0.01 to 0.74 0.62° 0.02t0 0.85 0.61 Good
Peak Rate of Force (N) 0.42° -0.03 t0 0.73 0.59° -0.06 to 0.84 0.58 Moderate
Peak Rate of Force (BW.s™) 0.29 -0.18 t0 0.65 0.45 -0.45t0 0.79 0.44 Moderate
Push up Drop

Peak Vertical Force (N) 0.73° 0.42 t0 0.88 0.84° 0.59 to 0.94 0.85 Excellent
Peak Resultant Force (N) 0.72° 0.41to 0.88 0.84° 0.58 to 0.94 0.85 Excellent
Peak Vertical Force (BW) 0.63° 0.27 to 0.84 0.77° 0.43 t0 0.91 0.79 Good
Peak Resultant Force (BW) 0.62° 0.25t0 0.83 0.76° 0.40t00.91 0.77 Good
Peak Rate of Force (N) 0.41° -0.05 t0 0.72 0.58° -0.11 to 0.84 0.57 Moderate
Peak Rate of Force (BW.s™") 0.33 -0.15 t0 0.68 0.50 -0.35 t0 0.81 0.49 Moderate

4. Discussion

Previous studies have focused on jump landings and their

effect on bone health in premenopausal women [24-25, 30].
However, there is an aspect of technical difficulty associated
with jumping which may be contraindicated in some
populations. Alternative lower body exercises such as the heel
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drop could be more suitable. Furthermore, no studies have
quantified upper body exercises to determine their potential
osteogenic value. Given that the radius is a clinically relevant
site it is important to quantify exercises such as the push up
drop for the inclusion in bone health programs. This is the first
study to quantify the GRF’s associated with a heel drop and
push up drop exercise in premenopausal women. The results
of the study align with the initial hypothesis in that the heel
drop exercise exceeded the previously established magnitudes
and rates of force thought prerequisite for improving bone
health and the push up drop exceeded the rate of force.
Moderate to excellent reliability was shown for both the heel
drop and push up drop.

In this study, the magnitude of force achieved during the heel
drop was 4.9 BW’s, which exceeded (1.6 x greater) the
magnitude of force (> 3BW’s), previously shown to improve
femoral BMD gains in premenopausal women [17]. In contrast,
the magnitude of force achieved during the push up drop was
1.9 BW’s which was 37% lower than this threshold. The
authors speculate that the magnitude of force required to
stimulate the upper limbs (radius, shoulder girdle and thoracic
spine), may be substantially lower due to less habitual forces
being regularly translated through these bones. Bassey and
colleagues [17], used female participants, of premenopausal
status and reported peak landing forces that corresponded to 3
BW?’s during a countermovement jump (height; 8.9 + 5cm). The
exercise consisted of 50 vertical jumps 6 days/week, resulting
in a significant increase of 2.8% in femoral BMD for the
premenopausal women, after 5 months of completing the
exercise. However, there was no significant change in the
postmenopausal women, suggesting premenopausal status is a
more desirable time to develop BMD gains. This may be due to
oestrogen deficiency in postmenopausal women, as oestrogen
plays a key role in the bone remodelling process [8, 36].

Ground reaction forces were measured in three axes and
then used to calculate peak resultant forces for the heel drop
and push up drop, the steepest 10ms was used to represent the
peak rate of force development (PRFD). This method has been
previously used by researchers investigating GRF’s in
premenopausal women [17, 24, 27, 30]. Peak rate of force
development (PRFD) for the heel drop and push up drop were
substantially higher than previously determined threshold (43
BW-s) suggested by Bassey and colleagues [19]. The heel
drop achieved PRFD of 357 BW's™ (8 x greater) and the push
up drop achieved PRFD of 147 BW-s' (3 x greater). Such
values are similar to or greater than those previously reported
for other lower body exercises [17, 24, 27, 30].

Clissold and colleagues [24, 30], investigated whether
bilateral vertical and multidirectional jumps with reactive jump
landings achieved osteogenic thresholds in premenopausal
women. The magnitudes of strain for the vertical (4.59 to 5.49
BW?’s) and multidirectional (3.90 to 5.38 BW’s) jumps were
similar to those achieved during the heel drop exercise (4.9
BW’s). Ryan and colleagues [27] quantified a stomping
exercise at different RPE’s and produced resultant magnitudes
of 3.08 and 2.89, BW’s (RPE 5) and 4.58 and 4.42, BW’s (RPE
8), however the heel drop exercise exceeded these resultant

magnitudes (4.9 BW’s). These results suggest that high
magnitudes of strain achieved during jumping exercises, can
also be achieved in less complex exercises that don’t involve a
flight phase and therefore may be more appropriate for
populations where jumping exercises may be contraindicated
[27].

Researchers [36] have identified that key mechanisms for
providing the greatest influence for stimulating bone
formation are, peak vertical force (magnitude of force) and
peak rate of force development (rate of force). It has been
suggested that if peak rate of force development is sufficiently
high, bone adaptation may be stimulated without using high
peak vertical force [24, 37, 38]. Therefore, although the push
up drop didn’t exceed the predetermined magnitude of force (3
BW?s), it may still stimulate the bone through the high rate of
force development. Interestingly, it is currently unclear what
osteogenic thresholds are required to stimulate bone formation
in non-weight bearing bones in the upper body. Currently
studies have only focused on lower body exercises and
measured changes in bone that involves regular locomotion
and load bearing. Longitudinal training studies utilising upper
body exercises such as the press up drop are needed to help
determine osteogenic thresholds for non-weightbearing
clinically relevant sites such as the radius. Such studies could
also give insight into the dose response relationship associated
with upper body exercises.

Reliability refers to the reproducibility of values of a test in
repeated trials on the same individuals [39]. ICC’s have been
previously used to determine within session reliability [27, 40,
41]. Researchers have demonstrated that osteogenic exercises
can be reliably progressively overloaded by individuals using
an RPE scale, good to excellent within session reliability was
shown for stomps performed at an RPE 5 and moderate to
excellent reliability was shown for stomps performed at an
RPE 8 [27]. The current study reported similar within session
reliability was observed for the heel drop (ICC= 0.45 to 0.80)
and push up drop exercise (ICC = 0.50 to 0.84). To the authors
knowledge this is the first study to determine the reliability of
a heel drop and push up drop exercise.

The results from this study demonstrate that the heel drop and
push up drop exercises can be used in bone health programmes
and in combination with previously quantified exercises [24, 27,
29], to create programmes targeted to premenopausal women
and for individuals with contraindications for jump-landings.
Current exercise prescription guidelines for the prevention and
management of osteoporosis, recommends healthy adults (low
to moderate risk), to perform moderate to high-impact weight
bearing activities (> 2 to >4 BW,; 3-5 sets 10-20 repetitions, 1-2
minutes’ rest between sets), four to seven days each week [1].
Given that bone responds to novel stresses its therefore
important that an array of upper and lower body exercises are
quantified for their osteogenic potential and to create
progression and regression opportunities. Ultimately, it is of
importance to combine different exercise types to create novel
stresses that will lead to improved and sustained adaptation.
Bone health programs can then be developed, and exercises can
be combined and safely progressively overloaded to optimise
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mechanical forces and thus the bone remodelling process.

5. Conclusion

To the authors knowledge, this is the first study to quantify
and determine the reliability of the heel drop and push up drop
exercises. The results show that the heel drop exceeded the
predetermined osteogenic thresholds previously shown to
improve bone health using jump-landings. Although the force
magnitude threshold was not achieved for the push up drop, the
rate of force was 3 x greater than the established threshold. The
heel and press up drop exercises displayed moderate to
excellent reliability between trials suggesting that they can be
reliably utilised by participants to meet established thresholds.
As such, they can be used in combination with other quantified
osteogenic exercises to create programmes targeted to at-risk
populations towards the goal of increasing BMD and
preventing the onset of osteoporosis. Further research is
required to determine how effective exercises such as the heel
drop and push up drop are at eliciting changes to bone. In
addition, the osteogenic thresholds for upper body exercises
need to be investigated. Other upper body exercises could then
be quantified against such thresholds to determine their
suitability in bone health programs.
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