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FES-rowing attenuates bone loss following spinal cord injury
as assessed by HR-pQCT
Robin S Gibbons1, Gary S Beaupre2 and Galateia J Kazakia3

Neurologically motor complete spinal cord injury (SCI) presents a unique model of bone loss whereby specific regional sites are
exposed to a complete loss of voluntary muscle-induced skeletal loading against gravity. This results in a high rate of bone loss,
especially in the lower limbs where trabecular bone mass decreases by ~ 50–60% and cortical bone mass decreases by 25–34%
before the rate of bone loss slows. These SCI-induced losses that are likely superimposed on continual age-related bone losses,
increase the risk of low-impact fragility fracture. The fracture incidence 20 years post SCI is reported to be 4.6% per year. An
intervention that effectively prevents, attenuates, or reverses bone loss is therefore highly desirable. We present a case study of an
individual with chronic complete SCI, where bone loss has been attenuated following long-term functional electrical stimulation
(FES)-rowing training. In this case study, we characterize the ultradistal tibia and ultradistal radius of the FES-rower with chronic
complete SCI using high-resolution-peripheral quantitative computed tomography. These data are compared with a group of FES-
untrained individuals with chronic complete SCI and to a normative non-SCI cohort. The evidence suggests, albeit from a single
individual, that long-term FES-rowing training can attenuate bone loss secondary to chronic complete SCI. Indeed, key FES-rower’s
bone metrics for the ultradistal tibia more closely resemble normative age-matched values, which may have clinical significance
since the majority of fragility fractures in chronic SCI occur in the lower extremities.
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Neurologically motor complete spinal cord injury (SCI) presents a
unique model of bone loss whereby specific regional sites are
exposed to a complete loss of voluntary muscle-induced skeletal
loading against gravity. The initial loss of bone mineral content is
estimated to approach 4% per month in trabecular sites, and 2%
per month in cortical sites.1 Trabecular bone mass is estimated to
decrease by 48% of pre-injury values in the femur, reaching a new
slower rate of loss by 3 years and 58% in the tibia by 5 years.
Cortical bone mass decreases by 34% of pre-injury values in the
femur by 5 years, and 25% in the tibia by 7 years.2 These losses are
likely superimposed on continual age-related bone loss.3 SCI-
induced bone loss often leads to the development of osteoporo-
sis, which increases the risk of low-impact fragility fracture.4 The
fracture incidence 20 years post SCI is reported to be 4.6% per
year.5 Thus, even active individuals with complete SCI at age 20
undergoing conventional standard of care have a very high
likelihood of sustaining a fragility fracture in their lifetime,
markedly affecting quality of life and increasing the risk of
mortality.6 An intervention that effectively prevents, attenuates or
reverses bone loss is therefore highly desirable.7

One such intervention under investigation is functional electrical
stimulation (FES) rowing.8 In the present configuration, FES-rowing is
an exercise that combines voluntary upper-limb concurrent with FES-
assisted lower-limb exercise involving the quadriceps, hamstrings,
tibialis anterior and triceps surae musculature. The training program,
which involves three 30-min FES-rowing sessions and four 60-min
FES-activated knee extension exercise sessions per week, has been
previously described in detail.9 FES-rowing is well tolerated by males
and females with complete and incomplete injury between C4 (with

a zone of partial preservation that permits a level of elbow flexion)
and T12. In addition, there have been no reported medical
complications related to FES-rowing training. Furthermore, any
increased spasticity is managed by daily FES-training without the
need for anti-spasmodic medications.
Gibbons et al.8 recently reported the potential to modulate

bone loss in a male, age of 59 years with a T4 complete SCI
following a road traffic accident, who is highly trained (412 years)
in FES-rowing. The individual was 14 years post injury, with no
history of musculoskeletal complications or medications known to
affect bone (calcium, vitamin D or antiresorptive drugs). Although
lower limb spasticity has increased since this individual’s injury,
daily FES-assisted exercise and passive standing successfully
manages the condition without the need for anti-spasmodic
medications. In Gibbons et al.8 bilateral trabecular bone density in
the proximal tibia was reported using peripheral quantitative
computed tomography (Stratec XCT3000, Pforzheim, Germany).
The FES-rower’s bone metrics were compared with data from a
previous study involving a non-SCI cohort (n= 14; mean age of
37 years) and a cohort of chronic SCI who were FES-untrained
(n= 9; mean age of 32 years; mean of 6.6 years post injury).10

Compared with the non-SCI cohort, the FES-rower had mean
proximal tibia bone density in the non-dominant limb that was
0.57 s.d. lower, which is considered within the normal range based
on the criterion of no more than 1.0 s.d. lower than the general
population mean. The chronic SCI cohort had an average bone
density that was 1.66 s.d. lower than the mean for non-SCI
individuals. However, key limitations of that study include the lack
of age-matched normative data, the relatively small number of
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subjects in the comparison cohorts and the lack of data on bone
microstructure and strength.
The aim of the present study, was to measure bone density and

microstructure, and to estimate strength, of the ultradistal radius
and ultradistal tibia of a highly trained FES-rower with chronic
complete SCI and to compare those measurements to a chronic
SCI cohort, who were FES-untrained,11 and normative age- and
sex-matched non-SCI cohort (UCSF data including a subset of data
previously reported12).

The same individual with chronic complete SCI reported by
Gibbons et al. was the FES-rower in this study. During the
24-months before imaging, the FES-rower performed an average
of three weekly 30-min rows at 30 strokes per minute, exposing
the lower limbs to ~ 2700 loading cycles per week. The ultradistal
radius and ultradistal tibia of the FES-rower was imaged using a
high-resolution-peripheral quantitative computed tomography
(HR-pQCT) scanner (XtremeCT I, Scanco Medical AG, Bruttisellen,
Switzerland) and data were analyzed using established protocols.

Table 1. Comparison of subject demographics and ultradistal tibia and ultradistal radius metrics of FES-rower to normative non-SCI and chronic SCI
cohorts

Variable Normative non-SCI Chronic SCI FES-rower FES-rower s.d. difference from

(50–59 yrs) (FES-untrained) non-SCI Chronic SCI

Demographics
Age (yrs) 55.3±2.6 41.8±7.8 59
Sex male n= 22 male/femle n= 9 male
Injury T3-T12 AIS A & B T4 AIS A
Time post injury (yrs) 11.4± 9.4 14
References UCSF data Wuermser et al.

Ultradistal tibia
Total.Ar (mm2) 754.9± 103.1 612.9 − 1.4
Tb.Ar (mm2) 602.5± 106.0 472.1 − 1.2
Total.vBMD (mg HA per cm3) 326.3± 54.1 167.7± 64.7 305.1 −0.4 2.1
Tb.vBMD (mg HA per cm3) 179.0± 36.7 67.5± 54.6 151.8 −0.7 1.5
Tb.N (1 per mm) 1.90± 0.39 1.09± 0.51 1.47 − 1.1 0.7
Tb.Sp (mm) 0.468± 0.109 1.15± 0.82 0.593 1.1 0.7
Tb.Th (mm) 0.079± 0.013 0.04± 0.03 0.086 0.5 1.5
Ct.vBMD (mg HA per cm3) 890.2± 64.8 809.8± 52.9 855.6 − 0.5 0.9
Ct.Po (%) 4.2± 1.5 11.1 4.6
Ct.Po.Dm (mm) 0.187± 0.021 0.264 3.7
Ct.Th (mm) 1.51± 0.26 0.80± 0.28 1.52 0 2.4
Ct.Ar (mm2) 148.0± 27.9 86.5± 30.5 144.4 −0.1 1.9
Ct.TMD (mg HA per cm3) 984.1± 29.6 997.4 0.4
Stiffness (kN mm− 1) 209.3± 30.1 118.6 − 3.0
App Modulus (N mm− 2) 2099± 468 1554 − 1.2
Predicted failure load (N) 11177± 1257 6744 − 3.5
Cortical load fraction (distal) (%) 45.5± 8.5 56.0 1.2

Ultradistal radius n= 28
Total.Ar (mm2) 260.7± 41.7 223.7 − 0.9
Tb.Ar (mm2) 336.7± 44.7 310.0 − 0.6
Total.vBMD (mg HA per cm3) 329.7± 42.9 416.2 2.0
Tb.vBMD (mg HA per cm3) 178.6± 30.9 233.7 1.8
Tb.N (1 mm− 1) 2.01± 0.27 2.28 1.0
Tb.Sp (mm) 0.434± 0.074 0.353 1.1
Tb.Th (mm) 0.075± 0.010 0.085 1.0
Ct.vBMD (mg HA per cm3) 898.1± 56.5 961.7 1.1
Ct.Po (%) 2.0± 1.3 2.4 − 0.3
Ct.Po.Dm (mm) 0.168± 0.015 0.164 0.3
Ct.Th (mm) 1.02± 0.14 1.15 0.9
Ct.Ar (mm2) 73.6± 10.5 84.6 1.0
Ct.TMD (mg HA per cm3) 978.3± 30.0 994.0 0.5
Stiffness (kN mm− 1) 84.2± 16.0 76.4 − 0.5
App Modulus (N mm− 2) 1609± 402 1530 − 0.2
Predicted failure load (N) 4578± 614 4442 − 0.2
Cortical load fraction (distal) (%) 41.7± 6.3 40.8 −0.1

Abbreviations: AIS, American Spinal Cord Injury Impairment Scale; A, motor and sensory complete injury; B, motor complete sensory incomplete injury; Ct.Ar,
cortical area; Ct.Po, cortical porosity; Ct.Po.Dm, cortical porosity diameter; Ct.Th, cortical thickness; Ct.TMD, cortical tissue mineral density; Ct.vBMD, cortical
vBMD; FES, functional electrical stimulation; HA, hydroxyapatite; ; SCI, spinal cord injury; T, thoracic; Total.Ar, total area; Tb.Ar, trabecular area; Tb.N, trabecular
number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; Total.vBMD, total volumetric bone mineral density; Tb.vBMD, trabecular vBMD; UCSF,
University of California San Francisco. Note (1): The s.d. difference values in the right hand columns are calculated as the difference between the FES- rower
mean and the normative non-SCI mean in units of the normative non-SCI s.d., and the difference between the FES-rower mean and the chronic SCI mean in
units of the chronic SCI s.d. Note (2): Positive s.d. values indicate that the FES-rower values are greater than, and negative s.d. values less than, the reference
cohort values. Note (3): Boxed values highlight age and time post injury comparisons, and the FES-rower s.d. difference values which are within 1 s.d. of non-
SCI and ⩾ 1.5 s.d. greater than chronic SCI.
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The standard in-vivo imaging protocol (60 kVP, 900 mA, 100 ms
integration time, 126 mm field of view) was used. The non-
dominant side (before injury) was scanned. The extremity was
immobilized using a carbon fiber cast anchored in the scanner to
minimize motion. A single anteroposterior scout radiograph was
obtained to allow correct positioning of the tomographic scan
volume. A total scan volume of 9.02 mm length (110 slices) was
then acquired starting 9.5 mm or 22.5 mm proximal to the joint
line in the distal radius and tibia, respectively. Images were
reconstructed to a 1536 × 1536 matrix, allowing for a final nominal,
isotropic resolution of 82 μm. To calculate densitometric bone
parameters, image attenuation values were calibrated against the
attenuation values derived from a standardized hydroxyapatite
phantom. Analysis was performed using the standard clinical
evaluation protocol in Image Processing Language (IPL v5.08b,
Scanco Medical AG), as described in detail previously.13 Cortical
parameters were assessed using an extended cortical bone
analysis that provides direct calculation of cortical thickness as
well as measures of porosity.14,15 Linear micro-finite element
analysis was performed to measure apparent biomechanical
properties (Scanco FE Software Version 1.12, Scanco Medical AG)
using previously described techniques.16–18 Stiffness, apparent
modulus, cortical compartment load fraction and failure load
estimate were computed for each model.
Individual and group demographics are presented in Table 1.

At the tibia, the FES-rower metrics were 0.7–2.4 s.d. better than the
chronic SCI cohort means. However, while FES-rower densito-
metric and trabecular parameters were within ~ 1 s.d. of normative
non-SCI age- and sex-matched control cohort means, cortical

porosity and mean pore diameter were higher (+4.6 and +3.7 s.d.,
respectively) and biomechanical indices lower (−1.2 to − 3.5 s.d.),
which imply lower bone strength (Table 1). Figure 1 shows
representative HR-pQCT ultradistal tibia images of a normative
non-SCI age- and sex-matched individual (column A) compared to
the FES-rower (column B). The images show increased hetero-
geneity of structure and density within both trabecular and
cortical compartments in the FES-rower. It is important to note
that the two individuals are not body-size matched. At the radius,
FES-rower densitometric and trabecular metrics were 0.9–2.0 s.d.
better than the normative non-SCI cohort means, while cortical
and biomechanical indices were within 1 s.d. (Table 1). Figure 2
shows representative HR-pQCT ultradistal radius images of a
normative non-SCI age- and sex-matched individual (column A)
compared with the FES-rower (column B). The images show similar

Figure 1. Representative HR-pQCT images from the most distal (top
row), middle, and most proximal (bottom row) slice of the ultradistal
tibia. (a) Normative 57-year-old non-SCI white male. (b) FES-rower.
Images are equally scaled in both size and grayscale intensity.

Figure 2. Representative HR-pQCT images from the most distal (top
row), middle, and most proximal (bottom row) slice of the ultradistal
radius. (a) Normative 57-year-old non-SCI white male. (b) FES-rower.
Images are equally scaled in both size and grayscale intensity.
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trabecular and cortical bone uniformity between the non-SCI
individual and the FES-rower. No radius data exist for the chronic
SCI cohort.
We aimed to characterize the density, microstructure and

strength of the ultradistal radius and tibia of a highly trained FES-
rower with chronic complete SCI and compare these data to a
chronic SCI cohort, who were FES-untrained, and normative non-
SCI age- and sex-matched cohort. At the tibia, the majority of
trabecular and cortical parameters for the tibia in the FES-rower
were within ~ 1 s.d. of age- and sex-matched non-SCI controls,
which suggests bone loss has been mediated in the FES-rower
compared to the chronic SCI cohort. However, while habitual
FES-rowing biomechanical loading generally appears to have
attenuated bone loss in the tibia, bone strength is lower than
age- and sex-matched non-SCI controls likely due to the markedly
larger percent cortical porosity (+4.6 s.d.) and mean pore diameter
(+3.7 s.d.). This suggests that the mechanobiological response that
controls cortical porosity in the tibia is in some way different from
the response for other bone parameters. At present, the nature of
that difference is unknown. Moreover, the high cortical porosity
and pore diameter values may explain the markedly lower
estimated structural stiffness and failure load in the tibia of the
FES-rower. However, the HR-pQCT assessment of a larger number
of individuals who have undergone long-term FES-rowing training
is required to more fully understand this issue. At the radius,
the superior key bone metrics in the FES-rower compared with
normative non-SCI controls is consistent with the greater daily
bone stimulus for an active manual wheelchair user.
For this single participant age 59 years and over 14 years post

injury, a number of the key FES-rower’s bone metrics at the
ultradistal tibia site more closely resemble normative non-SCI
values. This may have clinical significance, since the vast majority
of fragility fractures in chronic SCI occur in the lower extremities.5

Future studies that investigate the effect of long-term FES-rowing
training on a large cohort of FES-naïve people with complete SCI
are recommended.
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