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in Asymptomatic Elite Rowers
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Chiara Benedikter,* MD, Daniel Benjamin Abrar,† MD, Markus Konieczny,* MD,
Christoph Schleich,† MD, and Bernd Bittersohl,*‡ MD

Investigation performed at the University Hospital of Düsseldorf, Düsseldorf, Germany

Background: Repetitive loading of the back puts elite rowers at risk for acute and chronic back injuries.

Hypothesis: That asymptomatic elite rowers would demonstrate characteristic intervertebral disk (IVD) alterations on T2* magnetic
resonance imaging (MRI) mapping compared with asymptomatic nonrowers.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: This study included 20 asymptomatic elite rowers (mean age, 23.4 ± 3.03 years; 9 women, 11 men) studied at 2 different
times, once before (t1) and once after (t2) the competition phase. MRI including T2* mapping was performed on a 3-T scanner. The
authors derived normative T2* data from a previous study on 40 asymptomatic volunteers (20 men, 20 women) who were not
competitive rowers; based on complete T2* data sets, 37 controls were included. T2* values were compared between groups in 4
lumbar IVDs, and midsagittal T2* values were compared in 5 zones: anterior annulus fibrosus (AF), anterior nucleus pulposus (NP),
central NP, posterior NP, and posterior AF. The Pfirrmann grade was used for morphological assessment of disk degeneration.
Statistical analysis was conducted using the Mann-Whitney U test, Wilcoxon matched-pairs test, and Spearman rank correlation
coefficient.

Results: Lower T2* values were noted in the rower group compared with the controls (37.08 ± 33.63 vs 45.59 ± 35.73 ms,
respectively; P < .001). The intersegmental comparison revealed lower mean T2* values among rowers (P � .027 for all).
The interzonal comparison indicated significantly lower mean T2* values for the rowers in all zones except for the anterior NP
(P � .008 for all). Lower mean T2* values were observed for the rowers at t1 versus t2 (39.25 ± 36.19 vs 43.97 ± 38.67 ms,
respectively; P ¼ .008). The authors noted a higher level of IVD damage according to Pfirrmann assessment in the rower cohort
(P < .001); the Pfirrmann grade distributions of rowers versus controls, respectively, were as follows: 51.3% versus 73.7%
(grade 1), 20.5% versus 19.5% (grade 2), 21.8% versus 6.8% (grade 3), 5.1% versus 0% (grade 4), and 1.3% versus 0% (grade 5).
The authors also noted a correlation between low T2* and high Pfirrmann grade at t1 (r¼–0.48; P< .001) and t2 (r¼–0.71; P< .001).

Conclusion: The cohort of elite rowers revealed more degenerative IVD changes compared with controls. The T2* values suggest
that repetitive loading of the spine has demonstrable short-term and possibly permanent effects on the lumbar IVD.
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Rowing is considered a low-injury1,13 and health-promoting
sport40 that can be started at an early age and in which
athletes can continue to train and compete well, even at
an advanced age. However, as in every sport practiced for
performance, rowing also involves health risks, including
chronic injuries caused by repetitive joint overuse,1,33-35

that can imply a considerable loss of training and competi-
tion time for the athlete.39

The rowing movement is characterized by a precise
sequence of movement performed in a seated position with

3 contact points with the boat: the feet, buttocks, and
hands. The legs contribute to approximately half of the
rowing power, the trunk to a third. The arms and shoulders
are responsible for the rest of the power.23 To achieve max-
imum speed, the rower must minimize resistance and max-
imize propulsion. A key factor for propulsion is the stroke
length. The stroke length requires strong flexion of the
back, leading to great loads on relatively relaxed muscles
during the catch. Peak compressive force at the lumbar
spine relative to body weight can reach 4.6 times the body
weight of the athlete.28 In sweep rowing, there is additional
torsion in the back.

The intervertebral disk (IVD) plays a protective role
in the spine’s long-term health by facilitating shock
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absorption and load distribution.16 Hence, early detection
of compositional changes in the IVD is essential for preserv-
ing the tissue and avoiding the onset or progression of
degenerative disk disease. Magnetic resonance (MR) imag-
ing (MRI), including conventional T1-, proton density–, and
T2-weighted MR sequences, is used to ascertain the mor-
phological status of the IVD and other structures in the
area of the spine.

T2* mapping is a noncontrast MRI technique that
depicts changes in anisotropy and water content and
allows high-resolution isotropic 3-dimensional imaging
on standard clinical MRI systems.17 It is thus an ideal
instrument for the quantitative evaluation of cartilage and
IVD degeneration. T2* mapping has been used in human
and animal samples, mostly in the lumbar and cervical
spine.10-12,19-21,24,25,40,41,46 It is recently becoming clinically
relevant in the proper assessment of early IVD ab-
normalities, enhancing the analysis and the judgment of
therapy.11

This study aimed to evaluate T2* values in elite rowers
and assess any IVD degeneration due to repetitive over-
loading of the IVD. We hypothesized that there would be
a pattern of IVD degeneration reflecting the repetitive flex-
ion and axial loading of the lumbar spine. We further
expected IVD T2* variations between the winter prepara-
tion phase as well as the summer competitive phase.

METHODS

Study Population

This study was approved by the local ethics committee, and
each volunteer provided written informed consent.
Included were 20 asymptomatic rowers (9 women, 11 men;
15 sweep oar rowers, 5 sculling rowers; mean age, 23.4 ±
3.03 years; age range, 19-30 years) who had a minimum of
5 years of intensive (�12 h/wk) training. The rowers were
recruited from the central German federal rowing base,
which has inherent intense training and selection require-
ments to declare these athletes as elite rowers. The mean
body mass index (BMI) was 24.3 ± 1.89 kg/m2 (range,
19.8-27.7 kg/m2). The rowers took part voluntarily and
received an expense allowance. We excluded rowers with
contraindications to MRI, known disorders of the vertebral
column, any history of spinal surgery, or chronic back pain in
their history.

Before undergoing MRI, all the rowers completed a thor-
ough physical examination conducted by an attending
orthopaedic consultant (M.K.). This physical examination
included an investigation of pain, discomfort, tenderness,

and range of movement. Rowers who had a BMI >31 kg/m2

or <17 kg/m2 were excluded, as extremely low or high BMI
can result in image distortion.17 All the participants under-
went MRI in the afternoon.

The control T2* data for this study were derived from a
previous study in which T2* relaxation measurements in
the lumbar IVD of asymptomatic volunteers were obtained
in various age cohorts using similar MR hardware, imaging
sequences, and scan times.25 All scans were performed in
the afternoon. This group included 40 asymptomatic non-
rowers who did not practice sports at an elite level and who
exercised an average of 3 hours a week. Three were missing
T2* data, leaving 37 controls eligible for study inclusion (18
women, 19 men; mean age, 24.4 ± 3 years; age range, 21-34
years). They had no history of spine surgery or spine com-
plaints. The mean BMI was 22.8 ± 2.71 kg/m2 (range, 18.2-
30.2 kg/m2).

Magnetic Resonance Imaging

All study participants underwent MRI in the supine posi-
tion on a 3-T scanner (Prisma; Siemens Medical Solutions).
We utilized a spine matrix coil (24-channel, triple mode)
that was smoothly integrated into the patient table. The
protocol included standard sequences (localizer images;
T1- and T2-weighted transversal and sagittal oriented
MRI scanss, each with a slice thickness of 4 mm) and a
3-dimensional high-resolution multiecho data image
combination (MEDIC) sequence. The MEDIC sequence
used the following imaging parameters: repetition time ¼
43 ms; echo time ¼ 5, 10, 15, 20, 25, and 30 ms; field of view
¼ 192 � 216 mm2; slice thickness ¼ 1 mm; voxel size ¼ 1 �
1 � 1 mm3; slice gap ¼ 1.2 mm; receiver bandwidth ¼
260 Hz per pixel; flip angle ¼ 25�; number of excitations
¼ 1; and scan time ¼ 11 minutes 10 seconds. The T2* maps
were automatically processed inline (SyngoMapIT; Sie-
mens Medical Solutions) utilizing a nonlinear, squared,
curve-fitting algorithm.

Morphological Analysis and Postprocessing

Morphological assessment was performed by an indepen-
dent orthopaedic surgeon (M.K.; 11 years of spine surgery
experience) and a radiologist (D.B.A.; 5 years of practice)
and included gathering Pfirrmann grades for each IVD
from the morphological T2*-weighted images. Image pro-
cessing and T2* assessment were performed on a Leonardo
working station by 1 expert (B.B.) in biochemical MRI
(13 years of experience). Midsagittal planes with a slice
thickness of 4 mm were generated using multiplanar refor-
matting (Figure 1).
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Back Pain: Oswestry Disability Questionnaire

All the rowers who participated in the MRI examinations
completed a questionnaire regarding functional impair-
ments, according to Fairbank et al,14 at both examination
times. The Oswestry Disability Questionnaire provides a
subjective score of performance in daily activities. The
questionnaire is composed of 10 questions, each answered
with a score from 0 to 5 (5 ¼ most significant disability).
Overall scores are presented as percentages (0%-20% indi-
cates minimal disability, 81%-100% indicates severe dis-
ability). This questionnaire has been used in several
studies that included athletes.3,36,45

IVD Assessment

Four disks of the lumbar spine (segments L2-L3, L3-L4, L4-
L5, and L5-S1) were examined. The IVD between the first
and second lumbar vertebrae was excluded because T2*
assessment in the thoracolumbar region is affected by
motion artifacts due to respiratory motion and vascular
pulsations from the heart and aorta.

Within the group of elite rowers, we also assessed for any
variations in IVD T2* data between the preparational
phase in April (t1) and the competitive phase in October (t2).

Regions of Interest for Midsagittal T2* Values

T2* values were obtained in 5 regions of interest (ROIs).
These ROIs were manually drawn into the sagittal

morphological T2*-weighted images and the T2* maps and
subdivided the IVD into 5 zones: the anterior annulus fibro-
sus (AF), anterior nucleus pulposus (NP), central NP, pos-
terior NP, and posterior AF. The ROIs in the morphological
T2*-weighted images served as the basis for positioning the
ROIs in the T2* maps. The T2*-weighted images and cor-
responding T2* maps were displayed on a 2-screen layout
image area. T2*-weighted images and the corresponding
T2* maps were displayed large enough with optimal image
contrast and brightness to see details. The ROIs were then
delineated on the T2*-weighted image using a freehand
drawing tool. The ROIs drawn in the T2*-weighted image
were automatically transferred to the T2* map, which
reflects in some ways a copy-and-paste approach by select-
ing both images. Afterward, the ROI outlines were reeval-
uated in the T2* map and, if necessary, only minimally
shifted to correct for any ROI offset (Figure 2). The intra-
and interrater reliability for this method have previously
been reported, with a substantial agreement for the T2*
measurement.6-8,18,25 Hence, the T2* measurement was
performed by a single reader (B.B.).

The observer did his best to create 5 zones that both
reflected the anatomy of the IVD and were roughly propor-
tioned in the sagittal plane. However, the ROIs were not
equal in size, neither between nor within a single IVD level,
as the subdivisions were created manually. Furthermore,
the disk shape is not rectangular and reveals differences in
height in the sagittal course. To measure tissue with a sig-
nificant amount of certainty in the IVD, the ROIs did not
follow the IVD contour to the exact border. Hence, a few
pixels of potential IVD tissue may not have been included
within the ROIs.

Figure 1. Multiplanar reconstruction of the T2* mapping data
set depicting the (A) sagittal, (B) coronal, (C) transversal, and
(D) reformatted midsagittal planes. The T2* values are illus-
trated on a color scale whereas blue indicates low T2* values
and red indicates high values.

Figure 2. (A) Midsagittal T2*-weightedmorphological magnetic
resonance imaging reformat and (B) corresponding midsagittal
T2* map. Five regions of interest were placed in the sagittal
direction: annulus fibrosus (AF) anterior, nucleus pulposus
(NP) anterior, NP central, NP posterior, and AF posterior.
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Statistical Analysis

A biostatistician conducted the statistical analysis in this
study. The study and control groups were compared regard-
ing sex, age, and BMI using the Student t test to reveal any
significant differences. Intra- and interrater reliability
regarding the Pfirrmann grading were assessed for consis-
tent agreement using Spearman rank correlation (r). A
strong relationship between values is given when r > 0.7,
moderate when 0.5 < r < 0.7, mild when 0.3 < r < 0.5, and
very weak when r < 0.3. The T2* values are reported as
mean values with standard deviation and the 95% CI. The
T2* comparison between the study and the control cohort
was made using the Mann-Whitney U test. The T2* com-
parison between the 2 training points (t1 vs t2) was com-
pleted using the Wilcoxon matched-pairs test. These T2*
comparisons were made overall, per segment, and per zone.
The correlation between the T2* values and the Pfirrmann
grades was calculated utilizing Spearman rank correlation.
The collected data were entered into an Excel spreadsheet
(Version 14, Microsoft Office Professional; Microsoft) and
later transferred to SPSS Software (Version 25; IBM).
P < .05 was considered statistically significant.

RESULTS

A total of 148 IVDs (37 volunteers, 4 disks from L2 to S1;
590 IVD zones) were included as control data, based on a
complete T2* data set with complete imaging and accurate
IVD delineation and no artifacts. Of 80 IVDs in 20 rowers, 2
IVDs and 2 other zones revealed artifacts and were
excluded. Therefore, 78 rower IVDs, including 388 zones,

were compared against 148 control IVDs, including 590
zones (Figure 3).

Because of scheduling difficulties, only 17 of the
20 rowers participated in the spine analysis at t2 (8 women,
9 men; 12 sweep oar rowers, 5 sculling rowers; mean age,
24 ± 3.2 years; age range, 20-31 years; mean BMI, 24.2 ±
1.86 kg/m2; BMI range, 19.8-27.2 kg/m2). Therefore, 68
IVDs were assessed before (t1) and after (t2) the competitive
training phase. A total of 5 IVDs and 9 further zones were
excluded because of artifacts or inaccurate delineation,
leaving 63 IVDs including 306 zones for comparative anal-
ysis. Figure 3 shows the sample sizes within the rower
group for the t1 and t2 analyses.

Both the control and rower groups were similar regard-
ing sex and age; however, BMI was significantly higher in
the cohort of elite rowers (24.3 ± 1.89 vs 22.8 ± 2.71 kg/m2; P
¼ .03) (Table 1). The Spearman coefficient demonstrated a
strong correlation (r ¼ 0.71; P < .001) for the intrareader
Pfirrmann grade comparison and moderate correlation (r¼

Recruitment at German
federal rowing base

n = 30

Excluded n = 10

Athletes with contraindications to MRI, spine 
disorders, prior spinal surgery, or LBP

Dropouts n = 3

MRI after the 
competitive rowing 

phase
t2

34 zones
excluded due to
missing T2* data

Rowers included n = 17
(68 IVDs, 340 zones)

Rower group at t2: 
63 IVDs, 306 zones

MRI before the 
competitive rowing 

phase
t1

Rowers included N = 20
(80 IVDs, 400 zones)

12 zones
excluded due to
missing T2* data

Rower group at t1: 
78 IVDs, 388 zones

Control group: 
148 IVDs, 590 zones

Figure 3. Flowchart of inclusion and exclusion criteria of rowers and T2* data. IVD, intervertebral disk; LBP, low back pain; MRI,
magnetic resonance imaging.

TABLE 1
Characteristics of the Study Groupsa

Controls (n ¼ 37) Rowers (n ¼ 20) P

Sex .792
Female 18 (48.6) 9 (45.0)
Male 19 (51.4) 11 (55.0)

Age, y 24.4 ± 3 (21-34) 23.4 ± 3.03 (19-30) .224
BMI, kg/m2 22.8 ± 2.71 (18.2-30.2) 24.3 ± 1.89 (19.8-27.7) .03

aData are presented as n (%) or mean ± SD (range). Bolding
indicates a statistically significant difference between groups (P
< .05). BMI, body mass index.
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0.52; P < .001) for the interreader Pfirrmann grade com-
parison. All of the rowers responded to the Oswestry Dis-
ability Questionnaire, with the mean score being 0.88% at
t1 and 0.85% at t2.

The mean T2* values were significantly lower in the
rower group compared with controls, both overall (37.08 ±
33.63 vs 45.59 ± 35.73 ms, respectively; P < .001) and in the
intersegmental comparison (Table 2). The interzonal com-
parison exposed lower mean T2* measures in all zones
except for the anterior NP (Table 3). The segment-and-
zone combined pair comparison revealed no T2* differences
between the two groups.

In the elite rowers, the mean T2* values were slightly
higher after the competitive rowing phase (t1 vs t2: 39.25 ±
36.19 vs 43.97 ± 38.67 ms; r ¼ 0.15; P ¼ .008). Significant
differences in T2* values were noted in segments L2-L3

(36.47 ± 34.06 vs 46.52 ± 40.21 ms; P ¼ .025) and L3-L4
(36.05 ± 28.78 vs 42.67 ± 37.46 ms; P ¼ .038) (Table 4). The
interzonal comparison demonstrated no significant T2*
differences.

The Pfirrmann grading of the rower cohort revealed
a higher level of IVD damage compared with controls
(P < .001) (Table 5). We noted a negative correlation
between T2* values and Pfirrmann grades at t1 (r ¼–0.48;
P < .001) and t2 (r ¼–0.71; P < .001).

We obtained the Pfirrmann grades in IVDs of elite
rowers at both study times and compared them with those
of controls. While control IVDs were classified as Pfirrmann
1 to 3, our cohort of rowers revealed Pfirrmann grades from
1 to 5, with a higher frequency of higher gradings (Figure
4). The correlation between T2* and Pfirrmann grading in
rowers proved to be mild at t1 (r ¼–0.48; P < .001) and

TABLE 2
Comparison of Mean T2* Times (in ms) Between Groups by Segmenta

Controls Rowers

Segment nb Mean ± SD Median (95% CI) nb Mean ± SD Median (95% CI) P

L2-L3 125 37.99 ± 32.71 26.60 (32.20-43.78) 93 32.82 ± 30.31 23.20 (26.58-39.07) .027
L3-L4 130 43.42 ± 32.49 34.30 (37.78-49.06) 100 35.94 ± 27.94 24.15 (30.39-41.48) .018
L4-L5 165 52.50 ± 39.76 39.20 (46.39-58.62) 100 40.31 ± 34.98 28.50 (33.37-47.25) .002
L5-S1 170 46.12 ± 35.09 33.10 (40.81-51.44) 95 39.05 ± 40.15 22.50 (30.87-47.23) .002

aBolding indicates a statistically significant difference between groups (P < .05). IVD, intervertebral disk; ms, milliseconds.
bNumber of IVD zones analyzed to calculate the T2* value.

TABLE 3
Comparison of Mean T2* Times (in ms) Between Groups by IVD Zonea

Controls Rowers

Zone nb Mean ± SD Median (95% CI) nb Mean ± SD Median (95% CI) P

Anterior annulus 118 22.20 ± 13.10 17.30 (19.81-24.59) 76 15.70 ± 9.30 12.25 (13.57-17.82) < .001
Anterior nucleus 118 47.43 ± 29.76 38.05 (42.01-52.86) 78 43.67 ± 34.41 34.05 (35.91-51.43) .093
Central nucleus 118 77.13 ± 42.03 75.35 (69.47-84.79) 78 61.41 ± 39.08 51.90 (52.60-70.22) .008
Posterior nucleus 118 57.49 ± 35.04 49.10 (51.11-63.88) 78 46.84 ± 34.74 35.20 (39.00-54.67) .002
Posterior annulus 118 23.69 ± 13.77 19.25 (21.18-26.20) 78 17.24 ± 9.56 14.75 (15.08-19.39) < .001

aBolding indicates a statistically significant difference between groups (P < .05). IVD, intervertebral disk; ms, milliseconds.
bNumber of IVD zones analyzed to calculate the T2* value.

TABLE 4
Mean T2* Times (in ms) in Rowers Before (t1) and After (t2) the Competitive Phase by Segmenta

t1 t2
b

Segment nc Mean ± SD Median (95% CI) nc Mean ± SD Median (95% CI) P

L2-L3 67 36.47 ± 34.06 23.20 (28.16-44.77) 67 46.52 ± 40.21 27.50 (36.71-56.33) .025
L3-L4 75 36.05 ± 28.78 24.00 (29.42-42.67) 75 42.67 ± 37.46 32.80 (34.05-51.29) .038
L4-L5 85 41.94 ± 36.65 30.80 (34.03-49.85) 85 47.10 ± 38.88 34.40 (38.71-55.49) .198
L5-S1 79 41.76 ± 43.31 22.20 (32.06-51.47) 79 39.67 ± 38.49 23.20 (31.05-48.30) .611

aBolding indicates a statistically significant difference between groups (P < .05). IVD, intervertebral disk; ms, milliseconds.
bBecause of scheduling difficulties, only 17 of the 20 rowers participated in the second spine analysis.
cNumber of IVD zones analyzed to calculate the T2* value.
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strong at t2 (r ¼–0.71; P < .001). The T2* values by Pfirr-
mann grades are depicted in Figure 5. There was a very
weak negative correlation between T2* values and BMI
(r ¼–0.10; P ¼ .048).

DISCUSSION

In the current study, the cohort of asymptomatic rowers
had significantly lower mean T2* values than asymptom-
atic, nonrowing controls (37.08 ± 33.63 vs 45.59 ± 35.73 ms,
respectively; P < .001). Moreover, we noted significant dif-
ferences in T2* values between 2 different training times
(39.25 ± 36.19 ms [t1] vs 43.97 ± 38.67 ms [t2]; P ¼ .008),

which implies that training composition may significantly
affect IVD health.

Even at the elite level, rowing is among the sports with
the lowest injury incidence.13 However, if an injury occurs,
its nature is often chronic and from overuse32-34 and may
lead to loss of training time.37,39

The rowing movement is cyclical and leads to repetitive
loading of the back in flexion and, in sweep rowing, rota-
tion,9,43 combined with high compressive and shear
forces.28 This mechanism, combined with the previous his-
tory of low back pain (LBP), high training loads, especially
in ergometer training, and poor technique,29,42 may lead to
the high incidence of injuries to the spine. In Wilson et al’s42

12-month prospective cohort study of injury in interna-
tional rowers, half of the injuries reported were located in
the spine, of which 31.82% were found in the lumbar spine.
Physical examination and personal assessment remain key
points in athletes’ diagnostics.

However, MRI techniques have proven to be valuable
tools for damage assessment in the spines of elite
athletes.1,4,36,45 A short-term study with soldiers training
for Special Forces compared MRI of the spine before and
after a 14-week training, which involved loading of their
spines far beyond the levels recommended by the US
National Institute for Occupational Safety and Health. In
the standard T2-weighted images, soldiers did not sustain
irreversible damage to their spines.2 Biochemically sensi-
tive MRI techniques may lead to a more sensitive detection
of changes of the IVD and to a new age of diagnostics and
therapeutic management in elite sports. The comparison of
quantitative MRI techniques conducted by Belavy et al5

demonstrated that T2 mapping was the most sensitive
technique to detect IVD changes compared with T2-
weighted and Dixon imaging. T2 mapping detected

TABLE 5
Pfirrmann Grade Distribution in Controls and Rowersa

Pfirrmann Gradeb Controls Rowers, t1 Rowers, t2

1 87 (73.7) 40 (51.3) 35 (55.6)
2 23 (19.5) 16 (20.5) 9 (14.3)
3 8 (6.8) 17 (21.8) 15 (23.8)
4 0 (0.0) 4 (5.1) 4 (6.3)
5 0 (0.0) 1 (1.3) 0 (0)
Total 118 (100.0) 78 (100.0) 63 (100.0)

aData are presented as No. of intervertebral disks (IVDs) (%).
bGrade 1 ¼ homogeneous, bright white, IVD height normal;

grade 2 ¼ inhomogeneous with or without horizontal bands, IVD
height normal; grade 3¼ inhomogeneous, gray, unclear distinction
of nucleus and annulus, normal to slightly decreased IVD height;
grade 4 ¼ inhomogeneous, gray to black, no distinction of nucleus
and annulus, IVD height normal to moderately decreased; grade
5 ¼ inhomogeneous, black, no distinction of nucleus and annulus,
IVD collapsed.31

Figure 4. Pfirrmann grade distribution in controls and rowers by segment.
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differences associated with physical activity history in dif-
ferent sports.

Moreover, T2 mapping consistently distinguished
between Pfirrmann grades 1 and 2.5 While there are simi-
larities between T2 and T2* mapping and correlation
between their values, there are significant differences
between the 2 imaging modalities, which leads to diverging
T2 and T2* values.17 T2* mapping includes shorter echo
times and reflects a wider range of T2 relaxation occurring
in cartilage tissue, making it more sensitive to microscopic
changes of articular cartilage.

To our knowledge, no study has assessed the spines of
elite rowers during a rowing season through T2* mapping.
The advantages are an examiner-independent, quantita-
tive measurement of the IVD integrity, in which even early
alteration is uncovered. We hope that conclusions concern-
ing the training and therapy of elite rowers will be made
possible and might prevent permanent damage to the IVD
and its consequences in the future.

Specific injuries to the low back in rowers include disk
damage, protrusion, or herniation.27 While IVD degenera-
tion does not necessarily lead to changes in muscle synergy
during the rowing movement,32 LBP and a history of LBP
have a clear effect on rowing kinematics26,30 and can be
caused by IVD degeneration. T2* values can be an early
marker for loss of disk vitality.11,12,19 T2* values correlate
with water content and water molecule mobility. Low T2*
values indicate early IVD damage and can be detected ear-
lier than low Pfirrmann grades. Hence, our study aimed to
identify early changes in the IVDs of these elite rowers and
compare degeneration patterns with a healthy cohort. We
noted lower T2* values in all the IVDs and a zonal T2* drop
in the anterior AF, central NP, posterior NP, and posterior
AF. Only the anterior NP showed no significant alteration.
We noted no specific pattern in the IVD damage of our
study group. The damage to the IVDs was global. However,
this could be because of our small number of participants
and would need to be clarified in more extensive studies.
There was a mild correlation between T2* values and

Pfirrmann grading. The distribution of T2* values had a
higher variance in Pfirrmann grades 1 and 2. These results
imply that T2* mapping detects structural changes and loss
of disk vitality earlier than conventional scans.

The intensity and composition of training programs dif-
fer during a rowing season. The winter phase is often char-
acterized by intense strength and indoor ergometer
training, followed by specific preparational training to con-
clude with the regatta or competition season in the spring
and summer.15 This training prepares the physical and
mental endurance of the rowers for on-water competition.
Physical parameters, such as VO2, lactate, and ergometer
times, are fundamental performance-monitoring measures
necessary for boat placement during the racing season. The
rowers’ primary regatta season implies more on-water
activity and, above all, high-intensity sprints. The overall
training time slightly diminishes, whereas on-water train-
ing time increases.15 A higher incidence of injury can be
observed during the winter phase,38 with a high correlation
with the time spent on the ergometer and training
volumes.38,43,44 We assessed T2* values before and after the
summer, noting that T2* values were significantly higher
after the summer within the L2-L3 and L3-L4 IVDs. This
observation may imply that winter training composition
with high ergometer training loads has a higher strain on
the IVDs than on-water rowing. Nevertheless, there are
certainly more training and personal factors to consider.

Limitations

This study has several limitations. We chose to include only
rowers with an elite training status to have a homogeneous
group considering training time and spine loading. The
results of this study may not apply to recreational rowers.
Further studies assessing the differences between elite and
recreational rowing are necessary. This study’s generaliz-
ability might be limited even among elite rowers because of
our limited number of participants, leading to statistical
power issues. Statistical power issues might also be account-
able for the missing difference between the interzonal com-
parison of T2* zones of the anterior NP. Different rowing
techniques may influence the loading on the lumbar spine.
We included sweep oar rowers and sculling rowers. Because
of additional torsional and lateral bending stress, sweep row-
ing is very likely to have a different effect on the IVDs of
rowers. We plan to conduct future studies to differentiate the
impact of these 2 techniques, including thoracic IVDs.

The BMI of the rowers was significantly higher than that
of the controls. The BMI has a weak negative correlation
with T2* values. Actual values might be slightly higher.
Future studies involving lightweight and heavyweight
rowers should further evaluate the correlation between the
BMI and T2* values of rowers. Imaging limitations include
the susceptibility for motion artifacts, as in respiration or
pulsation of the aorta. To reduce the influence of these arti-
facts, the L1-L2 IVD was excluded.

This study used midsagittal reformats of 4-mm slice
thickness to address the loading and unloading effect
within the IVD in the anterior-posterior direction. An addi-
tional lateral shift of water is expected and should be

Figure 5. Mean T2* times by Pfirrmann grade in rowers. The
boxes indicate the median and interquartile range, and
the whiskers indicate the minimum and maximum values.
ms, milliseconds.
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investigated in future studies. The ROIs of the IVD were
drawn manually by the 2 independent observers. Although
the observers are experienced with the T2* mapping anal-
ysis, given the need to include border IVD tissue in the
investigation, an inclusion of bone or soft tissue other than
IVD tissue in the ROI cannot be excluded.

An increase in T2/T2* relaxation, when collagen fibers
are oriented at an angle of nearly 55� to the main magnetic
field, needs to be considered and is referred to as the magic
angle effect.46

The ROIs were manually drawn on sagittal images and
then read by only 1 reader. This offers potential for intro-
ducing error, particularly when combined with 4-mm slice
thicknesses and the variation of the scan slices’ alignment
relative to the participant’s anatomy. Repeat scans or mea-
sures by a different individual might have resulted in dif-
ferent results.

Another limitation of this study is the possibility of inter-
fering variables of both the rowers and the control group.
We tried to ensure the same conditions for each examina-
tion and performed all the MRI scans in the afternoon with
an identical sequence protocol on the same MR scanner.
The patient and coil positionings were conducted identical
by 1 experienced medical-technical radiology assistant who
has been responsible for all the MRI measurements. The
study was conducted on asymptomatic athletes. Future
studies should include these athletes and evaluate the clin-
ical relevance and development of these MRI findings.

CONCLUSION

Although rowing is a sport with the lowest frequency of
injury among Olympic sports disciplines,13,22 this study
again outlines the risk of chronic damages and degenera-
tion caused by repetitive joint overuse and misuse. We
aimed to apply T2* mapping to a healthy cohort of elite
rowers to observe possible patterns of T2* changes that
may be characteristic in the IVDs of this population. We
found that the elite rowers who took part in our study had
significantly lower T2* values than healthy controls, with
no recognizable pattern. These lower T2* values correlated
with higher Pfirrmann grades. T2* values differed during a
rowing season, with higher T2* values in L2-L3 and L3-L4.
This effect could be attributed to seasonal changes in train-
ing plans. Considering the dynamics of T2* values in our
study, personal changes to training and rest plans could
facilitate the regeneration of the IVDs of rowers and even
help prevent injury. T2* mapping has proven itself as a
valuable research tool. We plan to conduct further studies
to investigate T2* values and the clinical progression of
these rowers. This study offers a baseline of T2* data for
future studies with elite rowers or athletes and can give an
insight into how sports affect IVD health.
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