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Bone Mineral Density After Bicycle Ergometry Training
Eileen M. Leeds, PhD, K. John Klose, PhD, William Ganz, MD, Aldo Serafini, MD, Barth A. Green, MD

ABSTRACT. Leeds EM, Klose KJ, Ganz W, Serafini A, Green BA: Bone mineral density after bicycle ergometry
training. Arch Phys Med Rehabil 71:207-209, 1990. '

© The effect of functional electrical stimulation (FES) cycle ergometry on bone mineral density (BMD) was investigated
] in six spinal cord injury (SCI) quadriplegic men. Each subject trained three days a week for six months on an FES
| cycle ergometer. Pretraining and posttraining BMD measurements of the proximal femur were performed using dual
photon absorptiometry. Mean pretraining BMD (percent norm) for the femoral neck, Ward triangle, and trochanter
were 66.65, 57.43, and 57.67, respectively. After six months of FES cycle ergometry, mean BMD measurements were
66.15, 57.07, and 55.13, respectively. There was no statistically significant difference between the pretraining and
‘ posttraining BMD measurements. All subjects were found to have osteoporotic proximal femurs when BMD was
| expressed as a percent of their age-matched controls. Bone mineral density measurements were subsequently per-
! formed on three additional men with SCI who had exercised for three years with the FES cycle ergometry modality.
Their mean BMDs were not significantly different from the experimental group. This study demonstrated that six

months of FES cycle ergometry did not produce an increase in BMD.
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Osteoporosis is an inevitable sequela of traumatic spinal
cord injury (SCI). Increased calcium and hydroxyproline ex-
cretion during the first six months after SCI signal the loss of
bone.!* Iliac crest bone biopsies performed as early as four
weeks postinjury demonstrate significant osteoporotic changes.?*
During the immediate post-SCI period there is an increased,
but unbalanced rate of bone remodeling, with bone resorption
occurring at a faster rate than bone formation.*-” The new bone
matrix is underhydroxylated and hypocalcific.!-5 Subse-
quently, normal bone remodeling rates (resorption:formation
balance) are observed at one to two years postinjury.!-> How-
ever, although the already rarified bone is maintained, it does
not return to normal.

Hypercalcemia and hypercalciuria have been observed in
able-bodied subjects after various periods of bed rest or
weightlessness.” 20 Two studies reported reversal of osteopenia
after ambulation, or return to normal gravity.”-® The subjects
observed in the studies in which reversal of the osteoporotic
condition occurred were neurologically intact individuals with-
out the metabolic and neurologic complications associated with
traumatic SCI. Similarly, some, '-1? but not all,? studies con-
ducted among the SCI population have reported that weight-
bearing activities reduce hypercalcemia. Sir Ludwig Guttmann
stated that ““As soon as the paraplegic is up in his wheelchair,
intensive physiotherapy, including standing and, in particular,
sportive activities have been invaluable in combating
osteoporosis.””!3

Weight-bearing activities, such as standing and brace walk-
ing, have long been promoted as therapies which might retard

From the University of Miami School of Medicine, Miami.

This research was supported in part by the Miami Project to Cure Paralysis.

Submitted for publication December 12, 1988. Accepted in revised form June
8, 1989. . -

No commercial party having a direct or indirect interest in the subject matter of
this article has conferred or will confer a benefit upon the authors or upon any
organization with which the authors are associated.

Reprint requests to Dr. Leeds, The Miami Project, University of Miami #R-48,
Miami, FL 33136.

Table 1: Anthropometric and Neurologic Characteristics
of Six Quadriplegic Men

Weight (Ibs)

Age Postinjury Injury Pre-training/

(years) (years) level Post-training
Si 24 7 C5 124/116
S2 18 3 C4-C5 136/139
S3 26 5 Cs 112/121
S4 27 9 C5-C6 108/102
S5 26 2 C4-C5 168/165
S6 21 5 C5-C6 159/147

or reverse SCl-associated osteoporosis.!!-'#1* The experimen-
tal portion of our study was conducted to determine if the
exercise activity induced by functional electrical stimulation
(FES) bicycle ergometry would have an effect on long-term
SCl-associated osteoporosis. The results of the experimental
portion of the study prompted us to conduct a further assess-
ment of bone status in other SCI individuals. Other physiologic
parameters associated with the FES training program will be
reported elsewhere.

METHODS
Subjects

Six quadriplegic men, aged 18 to 27 years, volunteered to
participate in a seven-month FES bicycle ergometry exercise
program. All of the subjects had had traumatic SCI which
resulted in complete neurologic loss of voluntary motor control
and sensation in the lower extremities. Table 1 presents the
neurologic and anthropometric data for the six subjects.

Training

The FES exercise training was performed on the REGYS I
Clinical Rehabilitation System.* The technical description of
this apparatus was recently described in detail by Ragnarsson
and associates.!> The training protocol consisted of one month
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of resistive knee extension exercise, followed by six months
of bicycle ergometry exercise. For knee extension exercise,
three surface electrodes were placed on the anterior thigh.
Each exercise session consisted of 45 lifts (or until fatigue) in
each leg three times a week. After a subject completed a set
of 45 lifts, resistance was-added by the incremental application
of two-pound ankle cuff weights. The amount of weight pro-
gressively increased as the subject was able to complete the
set with the new resistance. At the end of four weeks of re-
sistive leg training, surface electrodes were placed on the but-
tocks, and hamstrings, and on the anterior thigh.

Bicycle ergometry exercise sessions were conducted three
times a week. Initially, within each session, subjects started
with three five-minute rides separated by two five-minute rest
periods. As subjects attained this goal, the exercise session
increased to three ten-minute rides separated by two five-min-
ute rest periods. Subjects then rode for two 15-minute periods
with a five-minute rest between rides. After this, subjects be-
gan riding continuously for 30 minutes.

Measures

Dual photon absorptiometry was used to measure bone min-
eral density (BMD). The BMD measures were made at the
Ward triangle, femoral neck, and greater trochanteric region
of the proximal femur. The Ward triangle is the space formed
by the angle of the trabeculae in the neck of the ferur, which
is prone to fractures. In the six experimental subjects these
measurements were made: (1) before any exercise training and
(2) after the subjects had completed seven months of exercise
training.

Statistical comparisons were conducted using the multivar-
iate analysis of variance (MANOVA) subprogram of the Sta-
tistical Package for the Social Sciences version X (SPPSS,),
which permits a repeated measures analysis. An alpha level
of .05 was considered statistically significant.

RESULTS

None of the subjects in the exercise training group experi-
enced any adverse effects. Bone mineral density was measured
in g/om? but is discussed as percentages of matched healthy
individuals (percent norm). Grams per centimeter squared rep-
resents the total mineral in a column lcm in cross-sectional
area.! Values for BMD differ with regard to fixed factors
such as gender, race, height, and weight. Additionally, BMD
measures vary according to age, declining over time as part
of the normal aging process. Therefore, group data is best
presented using relative values. Relative values are obtained
by matching subjects to normative distributions that have been
established for the able-bodied population.'” Pretraining and
posttraining BMD in g/cm?® (mean = SD) for each of the ex-
perimental subjects is reported in table 2. Pretraining and post-
training BMD in percent norm (mean = SD) for each of the
experimental subjects is reported in table 3. »

The BMD percent norm of the proximal femur for all sub-
jects was found to be below normal before any exercise train-
ing. After seven months of exercise training there was no
significant difference (p>.05) in the BMD for any of the three
sites tested on the proximal femur. Mean pretraining BMD of
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Table 2: Bone Mineral Density (g/cm?) in Six Quadriplegic
Men Before and After Six Months of FES Bicycle
Ergometry
Ward triangle
Before After

Trochanter
Before After

Femoral neck
Before After

S1 0.63 0.66 0.43 0.50 040 . 0.0
S2 0.62 0.62 0.44 0.43 0.44 0.43
S3 0.65 0.64 0.56 0.53 0.53 0.52
S4 0.68 0.61 0.57 0.56 0.45 0.39
SS 0.57 0.52 0.52 0.40 0.37 0.31
S6 0.72 0.80 0.62 0.71 0.55 0.55
Mean 0.65 0.64 0.52 0.52 0.46 0.43
SD 0.05 0.08 0.07 0.10 0.06 0.08

the femoral neck, Ward triangle, and trochanteric region were
66.65, 57.43, and 57.67 percent norm, respectively. Mean
posttraining BMD of the same three regions were 66.15, 57.07,
and 55.13 percent norm, respectively.

DISCUSSION

The inability of the experimental intervention to produce an
increase in BMD over a seven-month period of dynamic ex-
ercise training led to questions about long-term participation
in a similar exercise program. Subsequent to our findings with
the experimental subjects, we decided to obtain BMD mea-
surements on three other men with SCI who had been involved
in other programs in our laboratories.

Three men with SCI (two paraplegics, aged 31 and 24 years,
and one quadriplegic, aged 28 years) were participating in a
chronic, long-term exercise research program and had been
using the FES bicycle ergometry exercise modality for more
than three years. Their BMD in percent norm can be found in
table 4. Tt does not appear that training over longer periods of
time increases proximal femoral BMD. There was no statis-
tically significant difference between the BMDs of the seven-
month training group and the BMDs of the three-year training
group. However, without pretraining BMD measurements for
the latter group, it is only possible to make a qualitative judg-
ment as to whether the FES bicycle ergometry exercise had
an impact on their BMD. The similarity between the pretrain-
ing BMD measurements of the short-term FES subjects and
those of the three long-term training subjects is consistent with
the hypothesis that FES bicycle ergometry training of up to
three years has no effect on BMD measurements in SCI in-
dividuals. As presented in table 4, the BMD for the eighth
subject (S8) is greater than the rest of the subjects. Although
no obvious causal interpretation can be made for this differ-

Table 3: Bone Mineral Density (Percent Normal) in Six
Quadriplegic Men Before and After Six Months of FES
Bicycle Ergometry
Ward triangle
Before After

Trochanter
Before After

Femoral neck
Before After

St 65.6 69.3 47.8 55.3 50.8 51.8
S2 59.2 53.7 57.3 44.0 47.0 40.1
S3 68.6 66.4 62.8 58.8 68.5 66.5
S4 72.1 64.7 63.5 62.5 58.1 5173
S5 72.5 80.2 66.3 75.5 67.8 68.0
S6 62.1 62.6 46.9 46.3 53.8 53.4
Mean 66.65 66.15 57.43 57.07 57.67 55.13
SD 5.39 8.68 8.34 11.51 8.90 10.50
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Table 4: Bone Mineral Density (Percent Normal) in Three
Quadriplegic Men After Three Years of FES Bicycle

Ergometry
Femoral
neck Ward triangle Trochanter
S7 66.4 69.4 53.5
S8 83.0 77.4 83.9
S9 48.3 42.8 44.6

ence, this subject may have been in the upper extreme for
BMD in the able-bodied population distribution before his injury.

It is generally accepted that osteoporosis is an inevitable
sequela of SCI. This study provided evidence that FES bicycle
ergometry training did not increase BMD in the proximal fe-
mur after six months of FES bicycle ergometry training. Sub-
sequent additional measures of the femoral BMD obtained for
the long-term training subjects (ie, more than three years) in-
dicates that this exercise modality does not reverse SCI-asso-
ciated osteoporosis.

There is ample evidence that SCI, immobilization, and re-
cumbency cause increases of calcium excretion. One of the
major differences between bone resorption metabolites ex-
creted after a traumatic SCI and those excreted in able-bodied
subjects during recumbency or weightlessness is the quanti-
tative difference in hydroxyproline excretion. This represents
a breakdown of the protein bone matrix after SCI not seen in
the able-bodied during recumbency or weightlessness,”® in
addition to the decalcification observed in both conditions.
There is evidence that some weight-bearing activities may de-
crease the levels of metabolites indicative of bone resorp-
tion,' 12 although the studies failed to consider that excretory
rates of calcium tend to return toward normal values without
any intervention.? However, it does not necessarily follow that
weight-bearing activities will reverse the actual mineral deficit
left in the bone once osteopenia has been established. The
results of the present study may simply reflect the accuracy of
a statemnent contained in a Health Technology Assessment re-
port published by the US Department of Health and Human
Services. It was stated that “‘at present there is no reliable
method to treat or reverse osteoporosis after it has been
diagnosed.”’'®

The approach toward the problem of SCl-associated osteo-
porosis should focus on the physiologic determinants of the
development of osteoporosis. As Sir Ludwig suggested many
years ago,'® and more recent research has indicated,®**-** bone
blood flow may play a major role in producing an intraosseous
environment which enhances bone resorption. Further inves-
tigation of this phenomenon may lead to therapies which, if
introduced early enough, could prevent the development of
SCl-associated osteoporosis.

Acknowledgments: The authors wish to thank Jerry E. Enis, MD, for his
donation of the x-ray films and Jack Crawford of Inter-American Laboratories
for donating the blood tests.

References
1. Chantraine A, Nusgens B, Lapiere CM. Bone remodeling during
the development of osteoporosis in paraplegia. Calcif Tissue Int
1986; 38:323-7.
2. Claus-Walker J, Campos RJ, Carter RE, Vallbona C, Lipscomb

HS. Calcium excretion in quadriplegia. Arch Phys Med Rehabil
1972; 53:14-20, 37.

3. Claus-Walker J, Spencer WA, Carter RE, Halstead LS, Meier
RH, Campos RJ. Bone metabolism in quadriplegia: dissociation
between calciuria and hydroxyprolinuria. Arch Phys Med Rehabil
1975; 56:327-32.

4. Naftchi NE, Viau AT, Sell GH, Lowman EW. Mineral metab-
olism in spinal cord injury. Arch Phys Med Rehabil 1980; 61:139-
42.

5. Minaire P, Meunier P, Edouard C, Bernard J, Courpron P, Bour-
ret J. Quantitative histological data on disuse osteoporosis: com-
parison with biological data. Calcif Tissue Res 1974; 17:57-73.

6. Chantraine A. Actual concept of osteoporosis in paraplegia. Par-
aplegia 1979; 16:51-8.

7. Claus-Walker I, Singh J, Leach CS, Hatton DV, Hubert CW,
Di Ferrante N. The urinary excretion of collagen degradation
products by quadriplegic patients and during weightlessness. J
Bone Joint Surg [Am] 1977; 59:209-12.

8. Donaldson CL, Hulley SB, Vogel JM, Hattner RS, Bayers JH,
McMillan DE. Effect of prolonged bed rest on bone mineral.
Metabolism 1970; 19:1071-84.

9. Hattner RS, McMillan DE. Influence of weightlessness upon the
skeleton: a review. Aerospace Med 1968; 39:849-55.

10. Mack PB, LaChance PL. Effects of recumbency and space flight
on bone density. Am J Clin Nutr 1967;20:1194-205.

11. Kaplan PE, Gandhavadi B, Richards L, Goldschmidt J. Calcium
balance in paraplegic patients: influence of injury duration and
ambulation. Arch Phys Med Rehabil 1978; 59:447-50.

12. Kaplan PE, Roden W, Gilbert E, Richards L, Goldschmidt JW.
Reduction of hypercalciuria in tetraplegia after weight-bearing
and strengthening exercises. Paraplegia 1981; 19:289-93.

13. Guttmann L. Spinal cord injuries: comprehensive management
and research. 2nd ed. London: Blackwell Scientific Publications,
1976:223-9.

14. Abramson AS, Delagi EF. Influence of weight-bearing and mus-
cle contraction on disuse osteoporosis. Arch Phys Med Rehabil
1961; 42:147-51.

15. Ragnarsson KT, Pollack S, O’Daniel W Jr, Edgar R, Petrofsky
J, Nash MS. Clinical evaluation of computerized functional elec-
trical stimulation after spinal cord injury: a multicenter pilot study.
Arch Phys Med Rehabil 1988; 69:672-7.

16. Goodwin PN. Methodologies for the measurement of bone den-
sity and their precision and accuracy. Semin Nucl Med 1987;
17:293-304. _

17. Mazess RB, Barden HS, Ettinger M. Spine and femur density
using dual-photon absorptiometry in US white women. Bone
Mineral 1987; 2:211-9.

18. US Department of Health and Human Services. Public health
service assessment dual photon absorptiometry for measuring
bone mineral density. Federal Register 1988; 53(Sep 8):34944-
5014.

19. Chantraine A, Van Quwenaller C, Hachen HJ, Schinas P. Intra-
medullary pressure and intra-osseous phlebography in paraple-
gia. Paraplegia 1979; 17:391-7.

20. Verhas M, Martinello Y, Mone M, et al. Demineralization and

pathological physiclogy of the skeleton in paraplegic rats. Calcif
Tissue Int 1980; 30:83-90.

Supplier
a. Therapeutic Technologies Incorporated, 38 S. Beckel Street, Dayton,
OH 45403.

Arch Phys Med Rehabii Vol 71, March 1990




