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ABSTRACT

There is a high prevalence of low back pain (LBP) in adolescent male rowers. In this study,
regional lumbar spinal kinematics and self-reported LBP intensity were compared between
10 adolescent rowers with moderate levels of LBP relating to rowing with 10 reporting no
history of LBP during a 15-minute ergometer trial using an electromagnetic tracking system.
Adolescent male rowers with LBP reported increasing pain intensity during ergometer
rowing. No significant differences were detected in mean upper or lower lumbar angles
between rowers with and without LBP. However, compared to rowers without pain, rowers
with pain had: 1) relatively less excursion of the upper lumbar spine into extension over the
drive phase, 2) relatively less excursion of the lower lumbar spine into extension over time,
3) greater variability in upper and lower lumbar angles over the 15-minute ergometer trial, 4)
positioned their upper lumbar spine closer to end range flexion for a greater proportion of the
drive phase, and 5) showed increased time in sustained flexion loading in the upper lumbar
spine. Differences in regional lumbar kinematics exist between adolescent male rowers with

and without LBP, which may have injury implication and intervention strategies.

Keywords: athletes, spinal pain, sports, biomechanics

Word Count: 4330
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INTRODUCTION
The World Rowing Federation has identified that Low Back Pain (LBP) is a common
condition experienced by rowers of all ages." Amateur adolescent rowers aged between 14 to
16 years have been shown to have a high lifetime prevalence of LBP, with reported rates of
94% in males and 65% in female rowers.”

Mechanical loading factors such as long on-water rowing time in training sessions,
repetitive lifting of the rowing shell, and ergometer rowing have been associated with LBP in
rowers.” More specifically, there is a growing body of evidence suggesting that specific
patterns of spinal kinematics during ergometer rowing may be particularly provocative of
LBP in rowers.”®’ In support of this, studies have identified that some rowers present with

large magnitude of lumbar spine flexion during ergometer rowing reflecting a potential

3,6,7

mechanism for LBP. This relationship has not yet been specifically investigated in an

amateur adolescent population. Understanding LBP mechanisms adolescent sporting
populations such as rowing is important, as this is the age where most rowers take up the
sport and they appear to be particularly susceptible to LBP. Further, LBP in adolescence is a
known predictor of LBP in adulthood.®

It has been suggested that the repetitive nature of lumbar flexion during rowing may

7,9-11 12,13

increase lumbar excursion during rowing, and that this has been linked to back pain.

14-16

Further, end-range flexion may also be associated with back pain, as it has been

proposed that position of the lumbar spine relative to the end of range, where passive

structures of the spine are close to being maximally loaded or stretched, may increase the risk

17,18

of tissue strain and pain. Previous research has identified end-range spinal flexion in

15,19

sitting to be related to LBP in both sporting and non-sporting populations supporting a

pain / postural relationship.'®*°
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Several studies have reported spinal kinematics during rowing using healthy pain free

populations and speculated a link with spinal movement and LBP.”*'

These reports have
shown that rowers frequently posture their spine at the end-range of spinal flexion with the
magnitude of lumbar flexion increasing over time of the rowing task, which may increase the

potential for back pain.””"!

However, these investigations did not consider two separate
lumbar regions (upper and lower), which is now recognized as a more appropriate method of
quantifying lumbar regional kinematics, as individuals are shown to control their upper and
lower lumbar spine differently during functional tasks '****'. At present, there is a paucity of
literature that has examined regional spinal movement during rowing and to our knowledge
no studies have investigated rowers with LBP. This is despite a demonstrated relationship
between LBP and differences in regional lumbar kinematics in non-rowing populations.'>"’

Therefore, the aims of this study were to; investigate whether there is an increase in LBP

intensity in rowers with LBP, and to investigate differences in lumbar kinematics between
rowers with and without LBP, during a 15-minute rowing ergometer trial. Specifically, we
hypothesized that

1. Pain intensity levels for rowers with LBP would increase over the course of a 15-
minute rowing ergometer trial.

2. Rowers with LBP would posture their upper and lower lumbar spine in a greater
degree of flexion than rowers without LBP during the drive phase of ergometer
rowing. Further, the LBP group would demonstrate greater increases in flexion over
the 15 minutes period compared to the non-LBP group.

3. Rowers with LBP would spend a greater proportion of the drive phase of the rowing
stroke with their upper and lower lumbar spine near end range flexion than rowers

without LBP. Further, this difference would become greater over 15 minutes of

rowing.
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METHODS

Twenty adolescent male rowers, aged between 14 to 19 years, with (n=10) and without
(n=10) LBP participated in this study (Table 1). A power calculation prior to participant
recruitment suggested that 10 participants in each group would provide 80% power to detect
a group difference of 10 degrees (assuming a standard deviation of 10 in both groups,
repeated measures for 3 phases over 1,7 and 15™ minute, and a within-subject correlation of
0.6). Participants were included if they performed rowing training for a school-rowing club or
a community rowing club at least three times per week as well as competing in rowing
regattas. Participants were defined as having LBP if their self-reported LBP was located
between the levels of the 1¥ and 5" lumbar vertebrae (i.e. L; — Ls) and if this pain was
provoked by rowing with an intensity greater than 3cm (out of 10cm) as indicated by a visual
analogue scale (VAS) within 30 minutes of rowing training. The characteristics of the
participants including; age, height, mass, body mass index (BMI), self reported level of pain
during participant recruitment (VAS) and their self reported disability score was collected
from the Roland Morris Disability Questionnaire** and Patient Specific Functional Scale® are
presented in Table 1. Participants in the no pain group had no history of LBP. Rowers were
excluded from this study if there was a presence of specific causes of LBP such as
inflammatory diseases, radicular pain or neurological signs to the lower limbs, or they had
reported any lower limb musculoskeletal injury in the six weeks preceding data collection.
Further participants were excluded if they received any rowing specific postural training
during previous rehabilitation of their LBP, as this may influence their spinal kinematics
during rowing, which this study was investigating. Permission to conduct the study was
granted by the Institutional Human Research Ethics Committee and all subjects and their

parents/guardians (where necessary) provided written informed consent/assent.
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Three dimensional regional lumbar angles were collected using the 3-Space Fastrak™™
electromagnetic tracking system at 25 Hz (Polhemus Navigation Science Division, Kaiser
Aecrospace, Vermont). The Fastrak'™ system has been used in previous rowing studies,**>°
and has been reported to be valid and reliable in measuring joint angles in the sagittal plane,
reporting average errors of 0.4° using a wooden model positioned on a modified rowing
ergometer.”” Three of the device’s sensors were secured on the participant’s skin overlying
the spinous processes of S2, L3 and T12 using double sided tape and Fixomull® such that the
lower lumbar angle (LLA) and the upper lumbar angle (ULA) could be derived (Figure
1).29%%% A rotary encoder was connected to the flywheel of the rowing ergometer to
determine the stroke length and stroke rate. Prior to every data collection trial, stroke length
was calibrated with the voltage on the rotary encoder and then synchronised with the
Fastrak'™ using a customized Labview software program (Version 8.6.1, National
Instruments, Texas, USA). This stroke length was used to determine the start and the end of
the drive phases, stroke length is shortest at the beginning of the drive phase (catch), and
longest at the end of the drive phase (finish). Ergometer rowing was chosen for this study as
it has been suggested as an aggravating factor to LBP in rowers™™'*>* and this has the

advantage of controlling extrinsic factors such as wind and water condition during data

collection. *

INSERT FIGURE 1 ABOUT HERE

Participants’ maximum slouch angles were determined in static sitting with
participants instructed to place their feet flat on the ground; shoulders’ width apart with their
knees bent to 90°; and their arms crossed in front of the chest. They were then instructed to

‘slouch as far down as possible’. They were required to hold these positions for five seconds,
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and this process was repeated three times with a 30 second rest period between each trial. The
maximum Lower Lumbar Angle (LLA) and Upper Lumbar Angle (ULA) were then
calculated and used to represent maximum slouch. This protocol was used in a previous study
by the authors.**

Prior to ergometer testing participants completed a 5-10 minute warm up involving
sub-maximal ergometer rowing. Participants rowed for 15 minutes at a stroke rate of 22
strokes per minute with a rating of perceived exertion of 17/20. This protocol was designed
after consultation between the research team and coaches as this was deemed to be common
training practices in the adolescent rowing population. Kinematic data was collected during
the last 15 seconds of the 1¥ minute (start), 7" minute (middle) and 15" minute (end). The
15-second period equated to three to five full-completed strokes. During the ergometer trial,
the Numeric Pain Rating Scale (NPRS), which is an 11-point scale (0-10) to collect self-
reported pain intensity,”” were collected verbally at the beginning of every minute of the
ergometer trial and also at the end of the 15-minute ergometer trial. Participants were advised
to cease the ergometer trial if their level of pain during testing exceeded their level of pain
during their usual rowing training or competition.

A customized LabVIEW program (Version 8.6.1, National Instruments, Texas, USA)
converted outputs derived from the 3-Space Fastrak'™ during the first three completed
strokes to flexion and extension angles (angles in the sagittal plane) via matrix algebra
procedures as described elsewhere.” From these procedures, LLA and ULA were derived **
%% as shown in Figure 1. For the derived angles, 0° of the LLA is reflected by L3 marker being
parallel to the S2 sensor and positive values indicated flexion (anterior rotation of the L3
sensor over the S2 sensor) while negative values indicated extension (posterior rotation of the
L3 sensor over the S2 sensor). Similarly, 0° of the ULA is reflected by the T12 marker being

parallel to L3 sensor, where positive values indicated flexion (anterior rotation of the T12
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sensor over the L3 sensor) and negative values indicated extension (posterior rotation of the
T12 sensor over the L3 sensor. Consistent with previous research, only sagittal plane angles

and data from the drive phase were analysed,7’9’11

given that the drive phase is known to be
when the spinal load is greatest."> All data in the drive phase were time normalized, with 0%
defined as the catch and 100% defined as finish. Near end-range flexion was defined as
above 80% of the maximum slouch angle during the static sitting test.'”

Independent t-tests were used to determine whether age, height, body mass and BMI
differed between no pain and pain groups. A linear two level mixed-effects model was used
to evaluate the change in NPRS scores reported at baseline and each minute over the 15
minutes of rowing to assess the relationship between rowing and LBP intensity over time.

Flexion angle measures taken at percentiles of the drive phase from three completed
stokes were averaged to produce a single flexion angle (for both ULA and LLA) for the early
(0,10 and 20™ percentile), mid (30-70" percentile) and late (80,90 and 100 percentile) drive
phase, at the end of the 1%, 7" and 15™ minute of rowing. A linear three level mixed-effects
model was used to determine differences between pain and no pain groups, using the 9
repeated measures over drive phase (early/mid/late) nested in minutes (1,7 and 15).
Differences in flexion angle across phase and minute were examined and estimates of group
difference adjusted for these factors. To examine if the difference in flexion angles between
pain and no pain groups became larger over the 15 minutes of rowing, a groupXminute
interaction term was evaluated. To examine if the difference in flexion angles between pain
and no pain groups were different over the early, mid and late drive phase, a groupXphase
interaction term was evaluated.

To evaluate the proportion of drive phase near end range flexion, angular measures
(for both ULA and LLA) were sampled at 25Hz for three completed strokes collected during

the last 15 seconds of the 1%, 7" and 15™ minute of the ergometer rowing. These values were
g g
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expressed as a percentage of maximum slouch sitting angle, and the proportion of drive phase
measures for which this value exceed 80% was calculated then averaged over the three
strokes at the 1%, 7" and 15™ minute. A linear two-level mixed-effects model was used to
determine differences between pain and no pain groups, using the 3 repeated measures over
the 1%, 7" and 15" minute. Differences in proportion of drive phase near end range flexion
across minute were examined and the estimate of group difference adjusted for minute. To
examine if the difference in proportion of drive phase near end range flexion between pain
and no pain groups became larger over the 15 minutes of rowing, a groupXminute interaction
term was evaluated. The non-parametric ranks-based Mann-Whitney test was also performed
on these measures to test for group difference at the 1%, 7" and 15™ minute separately to
confirm findings were robust to misspecification of the linear mixed models.

Models were estimated with and without adjustment for height, weight and age to
check for confounding as there was evidence these factors differed between pain and no pain
groups. An absence of confounding was assumed if potential confounders were non-
significant in models at a>0.1; in this case coefficients were estimated without adjustment for
these factors. Additionally, although not an a priori objective, a post-hoc comparison of error
variances between pain groups in the mixed-effects models was conducted as plotting of the
raw data displayed suggested more within-subject variability in data from those subjects with

pain (see Results section).

RESULTS
The demographics of the participants showed that rowers with pain were significantly
taller and heavier than rowers with no pain but no differences were found in the age and BMI

between the two groups (Table 1). There were no statistically significant differences in the
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maximum slouch angles during the static sitting trial between groups, rowers in the pain
group postured their LLA at 3.2° (17.5 °) compared to 3.7° (7.8 °) in the no pain group
(95%CI: -13.2° to 12.3°, p=0.942) and their ULA at 4.6° (8.1°) compared to 2.6° (11.1°) in
the no pain group (95%CI: -7.2° to 11.1°, p=0.656).

Numeric Pain Rating Scale scores increased significantly over the 15 minutes of
rowing from 1.7 (95%CIL: 1.0 to 2.3) at baseline to 7.8 at the 15" minute (95%CI: 7.10 to
8.42), with the rate of increase estimated to be 0.41 per minute (95%CI: 0.38 to 0.44, p<.001)
in rowers with LBP (Figure 2). All rowers in the no pain group reported 0 NPRS at each

minute of the ergometer trial.

INSERT TABLE 1 AND FIGURE 2 ABOUT HERE

No significant differences were observed in the mean LLA between groups (Table 2).
Adjustment for height, weight and age revealed no confounding of group differences and
results are presented unadjusted for these factors to maximise precision of estimates. The
LLA for each subject for the early, mid and late drive phase over the 1%, 7" and 15™ minute
separately for each pain group are presented (Figure 3). Significant main effect for phase
(p<.001) and no evidence of interaction between pain group and phase (p=.821), with flexion
decreasing from early, mid to late phase similarly in both groups (Table 3). A significant
main effect for the pain group was not detected (p=.688), although an interaction between
minute and pain group was detected (p=.012), with the pain group displaying more extension
(adjusted for phase) in the 15™ minute compared to the 1% minute, whereas the no pain group
displayed similar LLA at all three time points (Table 3). Examination of the raw data plotted
suggested more within-subject variability in changes over minute in the pain group, with

relatively large changes occurring in both directions, compared to a consistent pattern of no
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change in the no pain group (Figure 3). Therefore, this was formally tested by comparing the
variance of the error terms in the mixed effects model. These were significantly different,
with the standard deviation for the pain group being greater [10.6° (95%CI: 9.4° to 12.8°%)]
than the no pain group [4.0° (95%CI: 3.4° to 4.7°)], indicating significantly greater within-

subject variability in the pain group data.

INSERT FIGURE 3 ABOUT HERE

INSERT TABLE 2 AND 3 ABOUT HERE

No significant differences were observed in the mean ULA between groups. Analysis
using linear mixed effects model identified no effect for minute (p=.526) and no group by
minute interaction (p=.774). The means and standard deviations for ULA by phase, minute
and pain/no pain group are presented (Table 2). Adjustment for height, weight and age
revealed no confounding of group differences and results are presented unadjusted for these
factors to maximise precision of estimates. Raw data for ULA for each subject over the early,
mid and late drive phase by 1% 7™ and 15™ minute, separately for each pain group are
presented (Figure 4). Although there was evidence that groups differed by phase (p<.001),
the estimated group difference was not statistically significant at any phase (table 3). There
was a significant interaction between phase and group, meaning the degree of change over
phase was estimated to differ by group, with a pattern of significantly more extension over
early, mid and late phase evident in both groups (Table 3), but to a significantly lesser extent
in the pain group. Raw data plotted in Figure 4 suggests more within-subject variability in
changes over phase in the pain group, with less consistent pattern of increasing extension

over the drive phase compared to the consistent pattern seen in the no pain group. This was
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formally tested by comparing the variance of the error terms in the mixed effects model.
These were significantly different, with the standard deviation for the pain group being
greater (4.9° (95%CI: 4.0° to 6.0°) than the no pain group (2.8° (95%CI:2.4° to 3.3%)),

indicating significantly greater within-subject variability in the pain group data.
INSERT FIGURE 4 ABOUT HERE

No statistically significant differences were observed in the LLA in the proportion of
drive phase in near or end of range flexion between groups. The raw means and standard
deviations for the proportion of drive phase near end range LLA flexion by minute and
pain/no pain groups (Table 4). This data are presented graphically for each subject over 1%,
7™ and 15™ minute, separately for each group (Figure 5A). Analysis using a linear mixed
effects model detected evidence of an association between a lesser proportion of drive phase
spent in flexion with increasing age and (weight-adjusted) height (Table 5). No effect for
minute (p=.872) and no group by minute interaction was observed (p=.284). The pain group
was estimated to spend less time of drive phase in near end range when compared to no pain
group, adjusted for minute, age, height and weight (-.27, 95%CI: -.59 to .04, p=.087, Table 3)
but this difference was not statistically significant. The raw data plotted displays suggest
greater degree of variability in the proportion of drive phase near end range LLA flexion in
the pain group (Figure 5A), with less consistent patterns over time in the pain group. Again,
this was formally tested by comparing the variance of the error terms in the mixed effects
model. These were significantly different, with the standard deviation for the pain group
being greater (.31 (95%CI: .23 to .42) than the no pain group (.06 (95%CI:.04 to .08),
indicating significantly greater within-subject variability in the pain group data.

Nonparametric analysis of this data also did not detect a difference in proportion of drive
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phase in near end range LLA in the pain group at the 1%, 7" or 15" minute (Mann Whitney

test, p=.341, .272 and .702 respectively).

INSERT FIGURE 5A AND 5B ABOUT HERE

INSERT TABLE 4 ABOUT HERE

Rowers in the LBP group were found to spend a significantly greater proportion of
the drive phase near the end of range of ULA flexion compared to the no-LBP group. The
raw means and standard deviations for the proportion of drive phase near end range ULA
flexion by minute and pain/no pain groups (Table 5). This data is presented graphically for
each subject over 1%, 7" and 15" minute, separately for each pain group (Figure 4B).
Analysis using a linear mixed effects model detected no evidence of an association between a
lesser proportion of drive phase spent in ULA flexion with increasing age (f=.00, 95%CI: -
.06 to .06, p=.974) and (weight-adjusted) height (f=-.01, 95%CI: -.02 to .01, p=.144), unlike
results for LLA, and models were estimated unadjusted for these factors. No effect for minute
(p=.548) and no group by minute interaction were observed (p=.226). The pain group was
estimated to spend a greater proportion of the drive phase in near end range ULA than the no
pain group (.19, 95%CI: .03 to .35, p=.021, Table 3). The raw data suggests a greater degree
of within-subject variability generally in the proportion of drive phase near end range for
ULA flexion versus LLA, with more inconsistent patterns over time in both groups for ULA
than those for LLA (Figure 5B). The standard deviation of the residuals for the pain group
(:29 (95%CI: .21 to .39) were comparable to the no pain group (.19 (95%CI: .14 to .26).

Nonparametric analysis of this data confirmed a significantly greater proportion of drive
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phase in near end range ULA in the pain group at the 7" minute (Mann Whitney test, p=.002)

but not the 1% (p=.160) or 15" minute (p=.650).

INSERT TABLE 5 ABOUT HERE

DISCUSSION

The results of this study demonstrate that 15 minutes of ergometer rowing results in
increasing intensity of LBP over time in male adolescent rowers with rowing reporting
related LBP (Figure 2). Although no significant differences were detected in the mean LLA
and ULA between rowers with and without LBP, rowers with pain did demonstrate less ULA
excursion and ULA into extension compared to rowers without pain over time.

This increase in pain intensity may reflect a temporal summation of pain, where a
repetitive stimulus on pain sensitive structures may cause a gradual increase of pain
sensation.’'”> A similar pattern of pain summation has been reported previously in cyclists
with LBP during a 2-hour cycling trial.'”” There is debate regarding the underlying
mechanism for this phenomena, with some researchers suggesting that it reflects inhibitory
and facilitatory mechanisms in the central nervous system,” whilst other authors suggest
provocative movement behaviours may result in repeated stress on sensitized tissues with a

resultant summation of pain.'*"

In reality a combination of both of these factors may
interplay.

On average, rowers in the pain group maintained their ULA in flexion throughout the
drive phase [early (9.1°) mid (5.7°) and late (1.0°)] compared to rowers without pain who

moved into more extension in the late phase [early (10.5°) mid(6.4 °) late(-3.0 °)]. In addition,

rowers with LBP postured their ULA within 80% of end range flexion for a greater



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

proportion of the drive phase than rowers without LBP (mean diff .19, p=0.021). The
increased proportion of drive phase spent in flexion by the rowers with LBP in this study is
consistent with our hypothesis and may be reflective of a flexion loading strain mechanism
for low back pain.** Previous studies have reported that both adolescent and adults with LBP
provoked by lumbar ‘flexion’ movements and postures have a tendency to posture their
spines closer to end range flexion during sitting '®*>*. Similarly, cyclists with LBP have
been identified to maintain either lower lumbar spine in a more flexed position > or cycle
closer to end range of flexion in the lower lumbar spine.'” It may be that inability to maintain
the lumbar spine away from end of range leaves the spine more vulnerable to flexion loading
strain in sports where the lumbar spine is exposed to cyclical or sustained loading.

It was hypothesized that adolescent male rowers with LBP would posture their LLA
and ULA in more flexion than rowers without LBP during the drive phase of ergometer
rowing, and this difference would increase over 15 minutes of rowing. Although no
differences in the mean LLA and ULA were detected overall or within the early, mid and late
phase or 1%, 7™ and 15™ minute, on examination of the raw data it was noted that rowers with
LBP had greater within-subject variability in LLA and ULAs compared to rowers without
LBP. This is a preliminary finding that was not an a priori aim of the study and therefore
further investigation is warranted. The within-subject variability in spinal kinematics in
individuals with LBP is not a new concept, with higher variability in spinal movement during

37,38

functional tasks reported in adults with chronic LBP compared to no-LBP. This may be

due to altered peripheral and central sensory processing of the nervous system, resulting in

poorer spinal position sense in adolescents and adults with LBP ***

, with a tendency to
either under or over shoot a neutral sitting posture during a lumbar spine reposition test, a

mechanism proposed to increase end range strain. Holt and associates (2003) have also

reported variations in spinal kinematics in athletes with and without LBP over a 60-minute
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ergometer trial,'' but no direct comparisons were made between the participants with and
without a history of LBP.

We acknowledge the following potential limitations of this study. 1) The large variation
reported in the kinematics of the pain group participants may explain the lack of significant
differences detected in the mean LLA and ULA between the LBP and the no-LBP group. 2)
A subjective indicator of rowing effort (RPE) was used in the study rather than an objective
measurement of subjects’ effort throughout the trial such as power output as it was
commonly used in this age group to measure work rate in this group of rowers. Although
differences in work rate will exist, the authors feel that this would be minimal as stroke rate
was standardised between groups and unlikely to invalidate comparisons between groups. 3)
In light of the current finding regarding variability, the analysis of a larger number of strokes
and statistical procedures could be considered to evaluate spinal kinematics of rowers with
LBP. 4) It is also acknowledged that assessing end range slouch position in the LBP subjects
could have been influenced by the presence of pain, although there was no report of
discomfort or observable movement guarding during this aspect of the testing. Further, no
differences were detected in the maximum slouch angles between groups. Cross sectional
studies do not give clear insight to causation requiring the need for future longitudinal studies
in order to determine whether kinematic differences precede or follow low back pain in male
adolescent rowers.

In conclusion, rowers with LBP positioned their upper lumbar spine nearer end range
flexion for a greater proportion of the drive phase and demonstrated greater individual
variation in spinal movement than rowers without LBP. These findings may have
implications for coaching practices and targeted interventions to improve consistency in
rowing technique and avoid prolonged end of range spinal loading so as to minimize the

potential for end range sensitization of spinal structures.



398

399

400

401

402

Acknowledgements
The authors would like to acknowledge the Senior Research Assistant at the School of

Physiotherapy and Exercise Science for his technical support in this project.



403

404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451

10.

11.

12.

13.

References

Lacoste A, Hannafin J, Wilkinson M, Smith M, Oswald D, Rolland J. Athlete health
and safety in rowing: editorial by the FISA (rowing) Sports Medicine
Commission. Br J Sports Med. 2014;48(21):1523-1524.

Ng L, Perich D, Burnett A, Campbell A, O'Sullivan P. Self-reported prevalence, pain
intensity and risk factors of low back pain in adolescent rowers. J Sci Med
Sports. 2014;17(3):266-270.

Wilson F, Gissane C, McGregor A. Ergometer training volume and previous injury
predict back pain in rowing; strategies for injury prevention and rehabilitation.
Br J Sports Med. 2014;48(21):1534-1537.

Perich D. Low back pain in schoolgirl rowers: prevalence, bio-psycho-social factors
and prevention. Perth: School of Exercise, Biomedical and Health Sciences,
PhD thesis. Edith Cowan University; 2010.

Teitz CC, O'Kane J, Lind B, Hannafin JA. Back pain in intercollegiate rowers. Am J
Sports Med. 2002;30(5):674-679.

Bull AMJ, McGregor AH. Measuring spinal motion in rowers: the use of an
electromagnetic device. Clin Biomech. 2000;15(10):772-776.

Caldwell JS, McNair PJ, Williams M. The effects of repetitive motion on lumbar
flexion and erector spinae muscle activity in rowers. Clin Biomech.
2003;18(8):704-711.

Hestbaek L, Leboeuf-Yde C, Kyvik KO. Is comorbidity in adolescence a predictor for
adult low back pain? A prospective study of a young population. BMC Musc
Disord Disorders. 2006;16:7-29.

Pollock CL, Jones IC, Jenkyn TR, Ivanova TD, Garland SJ. Changes in kinematics
and trunk electromyography during a 2000 m race simulation in elite female
rowers. Scan J Med Sci Sports. 2012;22(4):478-487.

Wilson F, Gissane C, Gormley J, Simms C. Sagittal plane motion of the lumbar spine
during ergometer and single scull rowing. Sports Biomech. 2013;12(2):132-
142.

Holt PJ, Bull AMJ, Cashman PM, McGregor AH. Kinematics of spinal motion during
prolonged rowing. Int J Sports Med. 2003;24(8):597-602.

Reid DA, McNair PJ. Factors contributing to low back pain in rowers. Br J Sports
Med. 2000;34(5):321-322.

Hosea T, Bolard A, McCarthy K, Kennedy T. Rowing injuries. Post graduate
advances in sports medicine. 1989;3(1-16):University of Pennsylvania: Forum
Medicum Inc.



452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

O'Sullivan P. Diagnosis and classification of chronic low back pain disorders:
Maladaptive movement and motor control impairments as underlying
mechanism. Man Ther. 2005;10(4):242-255.

Burnett AF, Cornelius MW, Dankaerts W, O'Sullivan PB. Spinal kinematics and
trunk muscle activity in cyclists: a comparison between healthy controls and

non-specific chronic low back pain subjects - a pilot investigation. Man Ther.
2004;9(4):211-219.

O'Sullivan PB, Mitchell T, Bulich P, Waller R, Holte J. The relationship beween
posture and back muscle endurance in industrial workers with flexion-related
low back pain. Man Ther. 2006;11(4):264-271.

Panjabi MM. The stabilizing system of the spine. part I. function, dysfunction,
adaptation, and enhancement. J Spinal Disord. 1992;5(4):383-389.

Adams M, Hutton W, Stott J. The resistance to flexion of the lumbar intervertebral
joint. Spine. 1980;5(3):245-253.

Van Hoof W, Volkaerts K, O'Sullivan K, Verschueren S, Dankaerts W. Comparing
lower lumbar kinematics in cyclists with low back pain (flexion pattern)

versus asymptomatic controls - field study using a wireless posture monitoring
system. Man Ther. 2012;17(4):312-317.

Dankaerts W, O'Sullivan P, Burnett A, Straker L. Differences in sitting postures are
associated with nonspecific chronic low back pain disorders when patients are
subclassified. Spine. 2006;31(6):698-704.

Mitchell T, O'Sullivan PB, Burnett AF, Straker L, Smith A. Regional differences in
lumbar spinal posture and the influence of low back pain. BMC Musc Disord.
2008;9:152-162.

Roland M, Morris R. A study of the natural history of low back pain: Part I.
Development of a reliable and sensitive measure of disability in low-back
pain. Spine. 1983;8(2):141-144.

Stratford P, Gill C, Westaway M, Binkley J. Assessing disability and change on
individual patients: a report of a patient specific measure. Physiotherapy Can.
1995;47(4):258-263.

Ng L, Campbell AC, Burnett A, O'sullivan P. Gender differences in trunk and pelvic
kinematics during prolonged ergometer rowing in adolescents. J Appl
Biomech. 2013;29(2):180-187.

Caiieiro JP, Ng L, Burnett A, Campbell A, O'Sullivan P. Cognitive functional therapy
for the management of low back pain in an adolescent male rower: a case

report. J Orthop Sports Phys Ther. 2013;43(8):542-554.

Ng L, Caneiro JP, Campbell A, Smith A, Burnett A, O'Sullivan P. Cognitive



501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

functional approach to manage low back pain in male adolescent rowers: A
randomised controlled trial. Br J Sports Med. In Press.

Ng L, Burnett A, O'Sullivan P, Campbell A. Caution: The use of an electromagnetic
device to measure trunk kinematics on rowing ergometers. Sports Biomech.
2009;8(3):255-259.

Wilson F, Gissane C, Gormley J, Simms C. A 12-month prospective cohort study of
injury in international rowers. Br J Sports Med. 2010;44(3):207-214.

Childs JD, Piva SR, Fritz JM. Responsiveness of the numeric pain rating scale in
patients with low back pain. Spine. 2005;30(11):1331-1334.

Burnett AF, Barrett CJ, Marshall RN, Elliott BC, Day RE. Three-dimensional
measurement of lumbar spine kinematics for fast bowlers in cricket. Clin
Biomech. 1998;13(8):574-583.

Sullivan MJ, Thibault P, Andrikonyte J, Butler H, Catchlove R, Lariviere C.
Psychological influences on repetition-induced summation of activity-related
pain in patients with chronic low back pain. Pain. 2009;141(1-2):70-78.

Price DD, Hu JW, Dubner R, Gracely R. Peripheral suppression of first pain and
central summation of second pain evoked by noxious heat pulses. Pain.
1977;3(1):57-68.

Sullivan MJ, Lariviere C, Simmonds M. Activity-related summation of pain and
functional disability in patients with whiplash injuries. Pain. 2010;151(2):440-
446.

O'Sullivan PB. Lumbar segmental 'instability": clinical presentation and
specific stabilizing exercise management. Man Ther. 2000;5(1):2-12.

Astfalck RG, O'Sullivan PB, Straker LM, Smith AJ. A detailed characterisation of
pain, disability, physical and psychological features of a small group of

adolescents with non-specific chronic low back pain. Man Ther.
2010;15(3):240-247.

Dankaerts W, O'Sullivan PB, Straker LM, Burnett AF, Skouen JS. The inter-examiner
reliability of a classification method for non-specific chronic low back pain
patients with motor control impairment. Man Ther. 2006;11(1):28-39.

Claeys K, Brumagne S, Dankaerts W, Kiers H, Janssens L. Decreased variability in
postural control strategies in young people with non-specific low back pain is
associated with altered proprioceptive reweighting. Eur J Appl Physiol.
2011;111(1):115-123.

Willigenburg NW, Kingma I, Hoozemans MJ, van Dieen JH. Precision control of
trunk movement in low back pain patients. Hum Mov Sci. 2013;32(1):228-239.

Astfalck RG, O'Sullivan PB, Smith AJ, Straker LM, Burnett AF. Lumbar spine



551
552
553
554
555
556
557

558
559

40.

repositioning sense in adolescents with and without non-specific chronic low
back pain - An analysis based on sub-classification and spinal regions. Man
Ther. 2013;18(5):410-417.

O'Sullivan PB, Burnett A, Floyd AN, et al. Lumbar repositioning deficit in a specific
low back pain population. Spine. 2003;28(10):1074-1079.



560

561
562
563
564
565

566
567
568
569

TABLES

TABLE 1 — Mean and standard deviation of characteristics in each group and the mean,
standard error and p-value of differences between the no pain and pain group.

Characteristic No Pain Pain Mean 95% CI P value
(n=10) (n=10)

Age (years) 172 (1.4) 16.0(1.2) 1.2 -0.1,24 .074

Height (m) 1.85(0.08) 1.70 (0.09) 0.15 -0.2,-0.1 <.001

Weight (kg) 78.2(12.9) 66.8 (10.8) 11.5 -22.9,0.0 .050

BMI (kg/mz) 23.1(34) 22.8(3.8) 03 -2.7,3.4 0.818

VAS (/10) 0 (0) 4.6 (1.1)

PSFS (/30) n/a 17 (6.1)

RMDQ (/22) n/a 3.5(2.1)

BMI = Body Mass Index; VAS = Visual Analogue Scale; PSFS = Patient Specific; Scale;
RMDQ = Roland Morris Disability Questionnaire.



570

571
572  TABLE 2 - Mean and standard deviation of the lower and upper lumbar angles for drive
573  phases over 1% 7" and 15" minute, for Pain and No Pain group.
No Pain Pain
Minute Early Mid Phase Late Early Mid Phase Late
Phase Phase Phase Phase
Lower lumbar angle (°)
1 8.8 (6.7) 3.7(74) -42(11.1) 93(16.2) 7.7(10.0) 3.5(11.5)
7 8.7(7.0) 29(.5) -2.8(9.8) 11.5(09.6) 7.6(9.6) 1.9(10.8)
15 8.8 (7.4) 29(8.3) -3.0(1.1) 69214 -1.1(8.1) -8.2(21.9)
Upper lumbar angle (°)
1 8.6(7.1) 54(8.0) -4.8 (7.7) 82(7.2) 54(7.6) 1.2(9.3)
7 11.2(6.1) 6.6 (6.7) -24(@8.1) 94@4) 63(11.2) 1.2(14.0)
15 11.8(6.3) 7.1(6.6) -1.8(8.2) 9.8(10.1) 5.5(014.7) 0.6(17.1)
574

575



576

577

578

TABLE 3 - Mixed model coefficients for lower and upper lumbar angle.

Marginal B 95% CI p-value
means (") coefficient(’)
(i.e. contrast)
Lower lumbar angle
Group (Pain — No Pain)
At Minute 1: NP 2.8
P 6.8 4.1 -3.8t0 12.0 313
At Minute 7 NP 3.0
P 7.0 4.0 -3.9t0 12.0 318
At Minute 15 NP 2.9
P -0.8 -3.7 -11.6 to 4.2 .358
Phase (ref to Early Phase)
Early 9.4
Mid 3.9 -5.5 -7.410-3.6 <.001
Late -2.5 -11.9 -13.8 to -10.0 <.001
Minute (ref to Minute 1)
No Pain Group Min 1 2.8
Min 7 3.0 0.2 -1.8t02.2 857
Min 15 2.9 0.1 -1.9t0 2.1 903
Pain Group Min 1 6.8
Min 7 7.0 0.1 -5.41t05.7 961
Min 15 -0.8 -1.7 -13.2to0 -2.1 .007
Upper lumbar angle
Group (Pain — No Pain)
At Phase 1 NP 10.5
P 9.1 -1.4 -8.0t0 5.2 .682
At Phase 2 NP 6.4
P 5.7 -0.6 -7.2t0 6.0 .849
At Phase 3 NP -3.0
P 1.0 4.0 -2.6 t0 10.6 233
Phase (ref to Early 1)
No Pain Group
Early 10.5
Mid 6.4 -4.2 -5.6t0 -2.7 <.001
Late -3.0 -13.5 -15.0to -12.1 <.001
Pain Group
Early (1) 9.1
Mid (2) 5.7 -3.4 -591t0-1.0 .007
Late (3) 1.0 -8.1 -10.6 to -5.7 <.001
Minute (ref to Minute 1)
Min 1 3.9
Min 7 54 1.5 -1.6t0 4.6 .358
Min 15 5.6 1.6 -1.5t04.7 302




579  TABLE 4 - Percentage of drive phase in greater than 80% of flexion range for Lower and

580  upper angle, for Pain and No Pain group.

Lower Lumbar Angle (%)

Upper Lumbar Angle (%)

Minute No Pain Pain No Pain Pain
1 0.56 (0.34) 0.69 (0.36) 0.45 (0.33) 0.68 (0.36)
7 0.58 (0.34) 0.62 (0.38) 0.48 (0.17) 0.77 (0.17)
15 0.58 (0.34) 0.49 (0.46) 0.48 (0.16) 0.52 (0.38)

581



582 TABLE 5 - Mixed model results for proportion of drive phase in >80% lower and upper
583  lumbar end range flexion.

584
585
Marginal B 95% CI p-value
means (°)  coefficient
)
(contrast)

Lower Lumbar Angle

Group (Pain — No Pain)

NP 72
P 45 -27 -.59t0 .04 .087
Minute (ref to Minute 1)
Min 1 .58
Min 7 .59 .01 -.04 to .06 .647
Min 15 .59 .01 -.04 to .06 .657
Covariates
Age (yrs) 16.6° .59 -10° -.20 to -.01 .036
Height (cm) 177.6" .59 -.02° -.04 to -.00 .030
Weight (Kg) 72.5% .59 01° .00 to .02 .080
Upper Lumbar Angle
Group (Pain — No Pain)
NP 47
P .66 .19 .03 to .35 021
Minute (ref to Minute 1)
Min 1 .56
Min 7 .60 .04 -.09t0 .19 .509
Min 15 53 -.03 -17t0 .11 .668

586  “mean of covariate in the sample

587 "B coefficient represents the expected change in proportion of drive phase spent in >80% end
588  range flexion with each increase of one unit in the covariate

589

590

591



592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

Figure Caption
FIGURE 1 — Regional lumbar kinematics (ULA — Upper Lumbar Angle; LLA — Lower

Lumbar Angle)

FIGURE 2 — Group mean and standard deviation of low back pain intensity scores

(measured by Numeric Pain Regional Scale) during the 15-minute rowing ergometer trial.

FIGURE 3 — Lower lumbar angle for each subject over the 1%, 7" and 15™ minute, for the

early, mid and late drive phase separately, in pain and no pain groups separately.

FIGURE 4 — Upper lumbar angle for each subject over the drive phase separately for 1%, 7"

and 15" minute, in pain and no pain groups separately.

FIGURE 5A: Proportion of drive phase lower lumbar angle in greater than 80% flexion over

Ist, 7th and 15th minute, in pain and no pain groups separately

FIGURE 5B: Proportion of drive phase upper lumbar angle in greater than 80% flexion over

Ist, 7th and 15th minute, in pain and no pain groups separately
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late drive phase separately, in pain and no pain groups separately.
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FIGURE 5A: Proportion of drive phase lower lumbar angle in greater than 80% flexion over 1st, 7th and 15th
minute, in pain and no pain groups separately

FIGURE 5B: Proportion of drive phase upper lumbar angle in greater than 80% flexion over 1st, 7th and
15th minute, in pain and no pain groups separately
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