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Background: Previous studies have shown that runners demonstrate elevated T2 and T1r values on magnetic resonance imag-
ing (MRI) after running a marathon, with the greatest changes in the patellofemoral and medial compartment, which can persist
after 3 months of reduced activity. Additionally, marathon running has been shown to increase serum inflammatory markers.
Hyaluronic acid (HA) purportedly improves viscoelasticity of synovial fluid, serving as a lubricant while also having chondropro-
tective and anti-inflammatory effects.

Purpose/Hypothesis: The purpose was to investigate whether intra-articular HA injection can protect articular cartilage from
injury attributed to marathon running. The hypothesis was that the addition of intra-articular HA 1 week before running a marathon
would reduce the magnitude of early cartilage breakdown measured by MRI.

Study Design: Randomized controlled trial; Level of evidence, 2.

Methods: After institutional review board approval, 20 runners were randomized into receiving an intra-articular injection of HA or
normal saline (NS) 1 week before running a marathon. Exclusionary criteria included any prior knee injury or surgery and having
run .3 prior marathons. Baseline 3-T knee MRI was obtained within 48 hours before the marathon (approximately 5 days after
injection). Follow-up 3-T MRI scans of the same knee were obtained 48 to 72 hours and 3 months after the marathon. The T2 and
T1r relaxation times of articular cartilage were measured in 8 locations—the medial and lateral compartments (including 2 areas
of each femoral condyle) and the patellofemoral joint. The statistical analysis compared changes in T2 and T1r relaxation times
(ms) from baseline to immediate and 3-month postmarathon scans between the HA and NS groups with repeated measures anal-
ysis of variance.

Results: Fifteen runners completed the study: 6 women and 2 men in the HA group (mean age, 31 years; range, 23-50 years) and
6 women and 1 man in the NS group (mean age, 27 years; range, 20-49 years). There were no gross morphologic MRI changes
after running the marathon. Postmarathon studies revealed no statistically significant changes between the HA and NS groups in
all articular cartilage areas of the knee on both T2 and T1r relaxation times.

Conclusion: Increased T2 and T1r relaxation times have been observed in marathon runners, suggesting early cartilage injury.
The addition of intra-articular HA did not significantly affect relaxation times in all areas of the knee when compared with an NS
control.
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Running is one of the most popular sports worldwide and
continues to grow, with .40 million marathon participants
annually.9 It is associated with a high rate of injury, with
50% of regular runners reporting having .1 injury per

year.31 The knee is the most frequently injured joint in
runners of all distances, with many injuries lacking clear
structural etiology and therefore often grouped under
such wide-encompassing terms as ‘‘runner’s knee’’ or
‘‘patellofemoral pain.’’30 The effect of marathon running
on the morphology of joints continues to be a matter of con-
siderable controversy and significant concern. As the sport
of endurance running continues to grow, it is important to
elucidate the short- and long-term effects of marathon

The American Journal of Sports Medicine
1–9
DOI: 10.1177/0363546519879138
! 2019 The Author(s)

1



running on knee structures, particularly the cartilage sur-
faces. However, the detection of these often-subtle injuries
has so far remained elusive.

Specific measureable matrix components of normal artic-
ular cartilage are continuously synthesized and catabolized.
Neidhart et al24 demonstrated that after a marathon, run-
ners demonstrated an increase in the biochemical markers
utilized as surrogates for acute joint injury. Specifically,
serum levels of tumor necrosis factor a, soluble interleukin
6 receptor, cartilage oligomeric matrix protein (COMP), and
melanoma inhibitory activity were found to be elevated
after a marathon. The elevation in serum markers suggests
a transient inflammatory process, as COMP levels returned
to baseline within 24 hours. Similar COMP level increases
have been seen in patients with osteoarthritis and acute
joint injury. Despite this, many previous studies utilizing
traditional magnetic resonance imaging (MRI) techniques
have mostly failed to detect macrostructural changes to
knee structures after marathon running.

The development of high-field quantitative MRI has
been a significant advancement in noninvasive evaluation
of articular cartilage. Modern techniques allow for the
visualization of significant early changes before macro-
structural changes occur. Namely, T1r [AQ: 1] and T2
relaxation time measurements allow for quantification of
cartilage biochemical composition. T1r describes the spin-
lattice relaxation in the rotating frame, and T1r mapping
techniques utilize short echo time fast spin echo.11,17,23,32

T1r relaxation time measurements have been proposed
for detecting damage to the cartilage collagen-proteoglycan
(PG) matrix. It is well-established that damage to the
collagen-PG matrix is an initiating event and precedes car-
tilage loss in the early stages of osteoarthritis.5 Therefore,
an ability to detect early cartilage injury may allow clini-
cians a chance to intervene before macroscopic chondral
injury. T2 mapping techniques characterize water content
and collagen degradation, which are biochemical altera-
tions associated with cell degeneration.22

In the healthy athlete, a positive and linear dose-
response relationship exists for repetitive loading activities
and articular cartilage function, in which increases in
weightbearing activity yield increases in the volume and
thickness of articular cartilage and higher glycosaminogly-
can content.10 When this dose-response curve surpasses
a threshold, maladaptation and injury of articular carti-
lage can occur in which decreases in cartilage PG content
and increases in levels of degradative enzymes and chon-
drocyte apoptosis are observed.2,13 Chronic microtrauma

in the high-impact athlete can result in loss of integrity
of the functional weightbearing unit and initiate a chondro-
penic response that can include a spectrum of disorders,
including loss of articular cartilage volume and stiffness
through the development of full-thickness cartilage loss.21

Hyaluronic acid (HA), a high molecular weight glycosami-
noglycan found within joints, has been purported to play an
essential role in joint lubrication and shock absorption. Oste-
oarthritic joints have been found to have up to a 50% reduc-
tion in the concentration and weight of HA.3,20 Intra-
articular HA injection is a current and common treatment
option for knee osteoarthritis to attempt to restore the nor-
mal volume in the joint. Although less common, HA is also
used in the treatment of athletes with symptomatic knee
chondral wear. The proposed mechanism of action of HA is
multifactorial, including PG and glycosaminoglycan synthe-
sis, an anti-inflammatory effect, and mechanical support to
the tissues.1 At the molecular level, HA provides a backbone
in the extracellular matrix and creates a scaffold to which
cells can migrate. Each of these contributes to a hypothesized
chondroprotective effect and possibly a therapeutic effect to
promote healing after injury to articular cartilage.1

Several preparations of injectable HA are commercially
available for clinical use, although there is wide heteroge-
neity in their characteristics, including molecular struc-
ture (linear, cross-linked, hybrid), concentration, volume,
dosage, source (animal vs bacterial), and mean molecular
weight (500-6000 kDa). The heterogeneity in HA prepara-
tions mirrors the literature comparing different formula-
tions of HA. Very few randomized studies compare the
efficacy of different molecular weight HA formulations,
and of those that exist, there is a lack of consistency in
results. One trial found that high molecular weight HA
was superior to low molecular weight HA in providing
pain reduction,33 while 2 other trials found no difference
among different molecular weight HA formulations.4,12

Given the potential of HA as a chondroprotective and
anti-inflammatory agent, the objective of this study was
to investigate whether intra-articular HA injection can
protect articular cartilage from injury attributed to mara-
thon running. Specifically, we wanted to compare intra-
articular HA with saline as a placebo control injection to
determine if there is a chondroprotective effect of articular
cartilage biochemical composition, by using high-field
quantitative MRI (T2 and T1r mapping) to study the artic-
ular cartilage in the knees of participants running a mara-
thon. Our hypothesis was that intra-articular HA given
before marathon running would reduce the magnitude of
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ultrastructural cartilage injury as measured by T1r and T2
relaxation times.

METHODS

Study Population

The institutional review board at our institution approved
this study. The study was an investigator-initiated study
funded by Ferring Pharmaceuticals. The study design is
a single-institution double-blinded randomized controlled
trial comparing marathon runners receiving an intra-
articular injection of a commercially available HA
(Eufflexa; Ferring Pharmaceuticals) with runners receiv-
ing an intra-articular injection of a normal saline (NS) pla-
cebo control. Between July 2011 and October 2016, 20
marathon runners were recruited from local running clubs.
Inclusion criteria included men or women between the
ages of 18 and 50 years who were healthy runners with
no previous knee pain or injury (including history of signif-
icant swelling or surgery), who had not run .3 prior mar-
athons, who had not run any marathons in the 4 months
preceding the initiation of the study, who had no decrease
in training habits owing to injury before the marathon, and
who had a body mass index \30. Exclusion criteria
included age .50 years, any previous knee surgery or sig-
nificant swelling or injury, history of knee arthritis, having
run .3 marathons before the study, claustrophobia,
unwillingness to be randomized or complete the full series
of MRI scans, and any electrical device potentially interfer-
ing with MRI scans. All runners enrolled in the study were
required to undergo a taper period of at least 2 weeks
before the marathon, and they confirmed no plans to par-
ticipate in any marathon training for 3 months after the
race. Baseline descriptive information and details of train-
ing volumes were obtained with a self-reported prepartici-
pation history. A musculoskeletal screening examination
was performed by the principal investigator (M.R.S.) to
ensure compliance with the inclusion criteria.

Study Protocol

Runners were computer randomized by the clinical
research coordinator [AQ: 9]into the HA group or the NS
group and blinded to the type of injection that they
received. The injection of HA or NS occurred 1 week before
the marathon. Euflexxa was chosen, as a recent study
showed that of the commercially available HA, it most
closely resembles healthy synovial fluid with respect to
molecular structure, shear rates, and crossover fre-
quency.25 Euflexxa is a high molecular weight solution
(2.4-2.6 million Da) of sodium hyaluronate in a phos-
phate-buffered saline. This type of HA is a highly purified
extract from bacterial cells. Euflexxa is a polysaccharide
consisting of a repeating disaccharide of N-acetylglucos-
amine and sodium glucuronate, linked by alternating
b!!1,3 and b!!1,4 glycosidic bonds. All injections were
performed by the principal investigator (M.R.S.), an expe-
rienced orthopaedic sports medicine specialist and arthro-
scopist who was not blinded to the type of injection (HA vs
NS) that was administered. Patients were blinded to what
injection they received, and all subsequent analysis was
performed by a blinded orthopaedic surgeon (A.N.). All
injections were performed from a medial parapatellar
approach, with a 20-gauge needle in a single syringe and
without the assistance of any imaging modality. Lack of sig-
nificant resistance to flow of the injection confirmed the
intra-articular positioning of the needle. The HA and saline
were clear fluids, and the syringes were filled with the same
volume of fluid; as such, the patients were blinded to the
arm of the study in which they were enrolled.

First (baseline) MRI occurred 1 to 2 days before the
marathon. Postmarathon MRI scans were completed
within 72 hours of running a marathon. Follow-up MRI
was repeated at 10 to 12 weeks after the race (Figures 1-4).

Magnetic Resonance Imaging

MRI scans were acquired on 1 knee in the sagittal plane
with a 3-T MRI scanner (MR750; GE) and an 8-channel

Figure 1. Control (saline) knee magnetic resonance imaging T2 mapping comparison of the same patient at baseline, 1 week
postmarathon, and 3 months postmarathon. Lighter colors demonstrate higher relaxation times (ms).
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transmit-receive coil. Double-echo steady-state (DESS)
images were used for cartilage morphology as well as T2
relaxation times as described by Staroswiecki et al.29

Four magnitude images (2 echoes per acquisition) are

obtained by acquiring two 3-dimensional quantitative
DESS scans: 1 with a small diffusion gradient and a large
flip angle and the other with a large diffusion gradient and
small flip angle. The low diffusion pair had a large flip

Figure 2. Hyaluronic acid knee with magnetic resonance imaging T2 mapping. Comparison of the same patient knee at baseline,
1 week postmarathon, and 3 months postmarathon. Lighter colors demonstrate higher relaxation times (ms).

Figure 3. Control (saline) knee evaluated with T1r mapping at baseline, 1 week postmarathon, and 3 months postmarathon.
Lighter colors demonstrate higher relaxation times (ms).

Figure 4. Hyaluronic acid knee evaluated with T1r mapping at baseline, 1 week postmarathon, and 3 months postmarathon.
Lighter colors demonstrate higher relaxation times (ms).
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angle of 35" and gradient of 34.66 ms 3 mT/m on all 3 axes.
The high diffusion pair had a 18" flip angle and gradient of
138.4 ms 3 mT/m on all 3 axes.7 The first echo time was 9
ms and the second effective echo time was 43 ms, since the
second echo was measured from the previous radiofre-
quency pulse (30)[AQ: 2]. The quantitative DESS sequence
had a repetition time of 26 ms, 1 average, a resolution of
0.625 3 0.625 3 3 mm, and a total scan time of 9 minutes
40 seconds.

T1r relaxation times were measured with a magnetization-
prepared pseudo steady-state 3-dimensional fast spin
echo sequence called CubeQuant11 with a 500-Hz spin-
lock frequency pulse, repetition time of 1228 ms, 90" flip
angle, partial k-space acquisition with 0.5 averages, a res-
olution of 0.5 3 0.625 3 3 mm, 4 time spin-lock durations
(0, 10, 30, and 60 ms), and a total scan time of 5 minutes
49 seconds.

Morphological Grading

All MRI scans were reviewed on a picture archiving and
communications system station by a sports medicine
fellowship–trained orthopaedic surgeon (A.N.) who was
blinded to the type of intervention administered to each
runner or any other identifying information, including
age, sex, or training history. Each set of MRI sequences
was examined for the presence of gross pathologic findings,
including bone marrow edema, chondral lesions, meniscal
pathology, effusions, and other injuries.

Cartilage Segmentation and T2 and T1r Measurement

Cartilage segmentation was performed with software
developed by HOROS, an open source medical image
viewer (Nimble Co LLC, Purview). Based on the sagittal
DESS images, articular cartilage was segmented with

a semiautomatic technique based on Bezier splines and
edge detection and was defined in 8 distinct regions of
interest: (1) weightbearing portion of the medial femoral
condyle, (2) nonweightbearing portion of the medial femo-
ral condyle, (3) medial tibial plateau, (4) central patella,
(5) central trochlea, (6) weightbearing portion of the lateral
femoral condyle, (7) nonweightbearing portion of the lat-
eral femoral condyle, and (8) lateral tibial plateau. After
initial cartilage segmentation maps were created on
DESS images, they were resampled and superimposed on
the T2 and T1r maps to define the region of interest for
T2 and T1r relaxation time assessment. T2 and T1r
maps were automatically registered to the DESS images
with a rigid-body registration technique to reduce effects
of knee movement. The cartilage thickness was then
refined manually by calculating the minimum Euclidean
distance from each point on the articular surface to the
bone-cartilage interface, pixel by pixel. Areas of partial vol-
ume effects attributed to fluid appeared as visible clusters
with elevated values and were manually excluded from the
respective maps. This entire process was repeated for each
runner at all 3 MRI time points by utilizing the closest sim-
ilar sagittal MRI scan to create comparisons from identical
locations (Figure 5).

Data Analysis

The primary outcome measured was cartilage relaxation
time, measured in milliseconds. For each T1r and T2 relax-
ation time MRI value, a repeated measures analysis of var-
iance was used to examine differences over time between
the experimental and control groups. A priori power anal-
ysis was not conducted; however, a post hoc power analysis
was performed and indicated that with our sample size of 7
per group, we had 80% power (a = .05) to detect an effect
size of 1.63. Statistical significance for analysis was

Figure 5. Cartilage region maps. (A) Lateral knee: central trochlea and central patella, as well as femoral condyle (weightbearing
and nonweightbearing). (B) Medial knee: femoral condyle (weightbearing and nonweightbearing).
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defined as P \ .05, and a trend in significance was defined
as P\ .10. Data were analyzed with R and Rstudio (R Core
Team, 2018; Rstudio Team, 2016).

RESULTS

Three runners did not run the marathon (ie, canceled
because of a hurricane); 1 runner had a training injury
that prevented participation; and 1 runner did not return
for the complete postmarathon MRI examinations. Fifteen
runners completed the study. There were 6 women and 2
men in the HA group (mean, 31 years of age; range, 23-
50 years) and 6 women and 1 man in the NS group
(mean, 27 years of age; range, 20-49 years) (Table 1). There
were 2 complications documented throughout the study
period. One patient had a vasovagal episode immediately
after injection (NS group), and another patient described
patellofemoral pain at the 1-week MRI examination after
the marathon (NS group). Both complications resolved.
No other complications occurred during the study period.

Gross Morphological Changes on MRI

No runners in either group demonstrated any gross mor-
phological changes after running the marathon, including
bone marrow edema, chondral fissuring, delamination,
full-thickness injury, meniscal tears or extrusions, osteo-
phytes, synovitis, periarticular cysts, subchondral cysts,
loose bodies, or injury to the collateral or cruciate liga-
ments. One runner (NS group) did show a very small effu-
sion at the immediate postmarathon MRI that resolved by
3 months, and 1 runner (NS group) did have mild
increased intrameniscal signal in the medial meniscus at
the 1-week MRI that persisted at 3 months postmarathon
without evidence or symptomatology of a tear.

T1r

The means, standard deviation, and change from baseline
to 1 week and 3 months for the T1r are reported in Table 2.
There were no significant differences between the experi-
mental and control groups on change over time in T1r
MRI values (relaxation times) for any measures. There
was a trend in group differences for the HA arm having
lower relaxation times than the NS arm in 2 regions: MT
(F = 3.48; P = .07) and LT (F = 3.09; P = .09)[AQ: 3].

T2

The means, standard deviation, and change from baseline
to 1 week and 3 months for the T1r are reported in Table 2.
There were no significant differences between the experi-
mental and control groups on change in T2 MRI values.
There was a trend toward significance in group differences
for the HA arm having lower relaxation times than the NS
arm in 1 region: LFC NWB[AQ: 5] (F = 3.53; P = .07).

3 Months

At 3 months, T1r values in the patella and trochlea
decreased below baseline for the HA group, while the NS
group showed persistent elevation above baseline.

DISCUSSION

This study found no statistically significant changes
between the HA and NS groups in all articular cartilage
areas of the knee on T2 and T1r relaxation times. The addi-
tion of HA did not significantly affect relaxation times in
all areas of the knee when compared with an NS control.
On T1r mapping, no significant changes were noted
between baseline and 1-week postmarathon values. There
were also no differences between baseline and 3-month
postmarathon values. This could indicate that in contrast
to the Luke et al19 study, marathon running may not cause
ultrastructural cartilage injury in the patellofemoral joint
or that MRI T1r cartilage mapping may not be able to iden-
tify such changes accurately. Within the T2 mapping, the
HA group showed a trend toward significance for chondro-
protection of the weightbearing lateral femoral condyle
(P\ .09) and lateral tibial plateau (P\ .07) at 1 week post-
marathon. At 3 months postmarathon, there were no sig-
nificant changes in T2 mapping between the groups, as
all levels had returned to baseline.

There is a high prevalence of knee injuries after endur-
ance running.8,31 While biochemical changes in long-distance
runners, including increases in specific synovial markers,
parallel those seen with acute joint injury and osteoarthritis,
identifying any macrostructural changes with traditional
MRI techniques has mostly failed.24 Shellock et al28 showed
no significant changes on knee MRI before or after marathon
running. Similarly, Hohmann et al8 studied hips and knees
with MRI 48 hours before and after marathon running and
were unable to find any significant changes, including mar-
row edema or stress reactions. Schueller-Weidekamm
et al27 did find subtle joint effusions and intrameniscal signal
alterations in their cohort of 22 marathon runners; however,
no runner had any evidence of acute knee lesions. Krampla
et al14,15 followed 8 long-distance runners and performed
knee MRI before, immediately after, and 6 to 8 weeks after
a marathon. They found subtle and transient intrameniscal
signal alterations and minor signal changes in the bone mar-
row after the race. Of the 8 athletes, 7 were reimaged 10
years later, with only 1 runner demonstrating significant
osteoarthritis.

TABLE 1
Patient Characteristics

Hyaluronic
Acid (n = 8)

Normal
Saline (n = 7)

Female:male, n 6:2 6:1
Age, y, mean (range)

All 31 (23-50) 27 (20-49)
Female 32 (23-50) 24 (20-27)
Male 29 (24-34) 49
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Advanced MRI techniques, including high-field quanti-
tative cartilage mapping with T2 and T1r relaxation times,
serve as surrogates for ultra- or microstructural cartilage
changes. Specifically, T2 relaxation times represent
changes or shifts in water content in the collagen of artic-
ular cartilage, while T1r relaxation times increase with
injury to the cartilage-PG matrix[AQ: 6]. Luke and col-
leagues19 were the first to utilize these specific techniques
to evaluate knee articular cartilage before and after mara-
thon running in 10 asymptomatic runners. Each runner
had 3-T knee MRI scans 2 weeks before, within 48 hours
after, and 10 to 12 weeks after running a marathon. The
authors compared their cohort of runners with age- and
sex-matched nonrunner controls. Again, no macrostruc-
tural abnormalities were found on MRI; however, runners
had significantly higher T2 and T1r relaxation times in all

articular cartilage areas of the knee except the lateral com-
partment. The patellofemoral joint and medial compart-
ment showed the highest abnormalities. While the T2
values tended to recover to baseline except in the medial
femoral condyle at 3 months, T1r values remained persis-
tently elevated at 3 months18 postmarathon despite
a period of relative rest from running, suggesting persis-
tent ultrastructural cartilage injury.19

In general, T2 values have been found to drop immedi-
ately after loading. In one study, 50% body weight for 6 to 9
minutes caused alterations in T2 values; however, these
values recovered to baseline.26 This represents the natural
fluid shifts with load and the porous reversible fluid
dynamics that naturally occur in articular cartilage with
exercise. However, with osteoarthritic change, these alter-
ations in T2 values remain elevated permanently,

TABLE 2
Descriptive Statistics for T1r and T2 Values by Cartilage Location in Experimental and Control Groupsa

Change from Baseline to . . .

Measure Baseline Post–1 wk Post–3 mo Post–1 wk Post–3 mo

Hyaluronic acid
T1r

Patella 45.3 (7.9) 44.2 (7.3) 44.4 (6.9) 0.7 (3.4) –1.3 (5.7)
Trochlea 54.5 (10.2) 51.1 (4.6) 52.5 (51.8) 0.3 (3.1) –3.0 (9.8)
MFC: WB 48.1 (6.7) 49.2 (6.0) 50.1 (11.0) 2.1 (9.5) 0.5 (6.7)
MFC: NWB 44.0 (7.0) 43.4 (2.9) 45.5 (5.0) 1.3 (3.0) 0.9 (3.2)
LFC: WB 44.4 (4.5) 45.2 (4.7) 48.6 (8.2) 1.8 (5.8) 3.4 (5.4)
LFC: NWB 46.8 (6.9) 45.1 (1.6) 46.5 (5.1) 0.4 (3.5) –1.3 (6.5)
MT 45.7 (3.0) 45.3 (2.6) 45.5 (9.0) 0.5 (3.0) –0.9 (9.2)
LT 43.3 (3.4) 43.0 (4.8) 45.6 (6.0) 0.1 (2.7) 2.4 (3.2)

T2
Patella 15.1 (7.5) 15.2 (6.4) 15.4 (5.1) 0.1 (3.8) 3.2 (4.9)
Trochlea 18.1 (10.2) 15.1 (5.3) 15.2 (3.2) –3.0 (7.0) 0.6 (3.0)
MFC: WB 17.2 (7.6) 16.5 (6.9) 12.5 (3.1) –0.7 (5.6) –4.0 (8.1)
MFC: NWB 20.7 (11.1) 18.5 (9.8) 13.7 (1.7) –2.2 (4.7) –4.3 (7.4)
LFC: WB 20.4 (7.3) 18.2 (5.5) 17.1 (4.1) –2.2 (3.7) –1.2 (4.2)
LFC: NWB 21.4 (7.9) 20.0 (5.4) 17.4 (4.2) –1.4 (4.0) –1.3 (4.5)
MT 14.4 (6.6) 14.1 (6.7) 10.3 (2.1) –0.4 (4.2) –3.1 (6.3)
LT 18.1 (5.7) 17.2 (5.8) 15.6 (3.5) –0.9 (1.9) –0.6 (3.4)

Normal saline
T1r

Patella 45.6 (2.5) 49.8 (7.1) 46.3 (2.8) 4.2 (8.0) 0.6 (1.4)
Trochlea 53.2 (6.6) 55.2 (7.4) 57.7 (6.1) 2.0 (6.1) 3.3 (6.2)
MFC: WB 50.4 (7.9) 49.8 (3.7) 51.5 (5.9) –0.6 (8.9) 0.2 (2.7)
MFC: NWB 46.0 (4.0) 45.7 (4.3) 46.0 (4.3) –0.3 (1.5) –0.4 (2.5)
LFC: WB 45.4 (4.8) 46.9 (5.2) 46.4 (2.5) 1.5 (2.0) –0.4 (1.3)
LFC: NWB 49.7 (6.9) 46.1 (4.9) 47.4 (2.8) –3.6 (8.5) –3.8 (6.3)
MT 46.4 (4.4) 47.9 (5.3) 49.5 (6.1) 1.4 (4.7) 2.2 (6.2)
LT 47.5 (5.5) 48.3 (9.9) 48.1 (9.7) 0.8 (6.2) –0.5 (7.5)

T2
Patella 20.1 (7.1) 20.2 (8.8) 17.5 (7.4) 0.2 (2.8) –1.1 (3.7)
Trochlea 18.5 (5.2) 19.4 (7.4) 16.3 (5.5) 0.9 (3.0) –1.3 (4.1)
MFC: WB 18.1 (5.8) 18.2 (6.5) 15.8 (3.6) 0.0 (1.8) –1.8 (5.3)
MFC: NWB 20.9 (7.5) 22.0 (10.5) 9.1 (5.6) 1.1 (3.6) –0.5 (5.8)
LFC: WB 21.8 (6.1) 23.5 (8.1) 18.4 (6.1) 1.7 (4.3) –1.9 (3.4)
LFC: NWB 21.8 (7.1) 22.4 (9.7) 19.7 (6.7) 0.6 (4.9) –0.9 (4.8)
MT 14.7 (4.4) 15.2 (4.7) 13.1 (3.0) 0.5 (1.4) –1.2 (3.2)
LT 20.3 (5.6) 21.9 (6.8) 17.6 (7.2) 1.6 (2.6) –1.9 (4.4)

aValues are presented as mean (SD). LFC, ; LT, ; MFC, ; MT, ; NWB, ; WB, .[AQ: 4]
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suggesting compromised fluid dynamics and irreversible
changes in articular cartilage structure confirmed with his-
tological analysis.6,16-18 With resolution of T2 values at 3
months in our study, we again confirm that the temporary
elevation in T2 values seen in both groups likely represents
natural fluid shifts in the knee with endurance and loading
and that the addition of HA does not affect fluid dynamics.

Increase in T1r values represents injury to the PG
matrix[AQ: 7], which has been shown to be an initiating
event that precedes cartilage loss seen in osteoarthritic
patients.5,17,18 In our study, we failed to find any signifi-
cant ultrastructural cartilage changes as determined by
high-field quantitative MRI mapping with or without the
addition of HA.

There are several limitations to this study. Long-term
studies are needed to confirm that early changes in T2
and T1r relaxation times can predict knee cartilage degen-
eration and macrostructural injury. Once done, these
measures can reliably serve as a noninvasive tool to assess
early articular cartilage injury and potentially intervene
before the development of osteoarthritic change, as well
as serve as markers for successful therapeutic interven-
tion. Our study design and technique sought to mirror
other studies as closely as possible; however, there is
some variability in the segmentation technique based on
the software and technology available. There were 5 run-
ners who did not complete the study. While a prestudy
power analysis would have been preferred, our post hoc
analysis did show that our study was sufficiently powered.
Still, there remains some chance that with a larger sample
size certain trends may have become significant. We uti-
lized saline as a placebo to control for the effect of changes
attributed to injection alone, to be sure that any differences
seen were a result of the HA. There is a possibility that the
act of a knee injection may initiate a local or systemic
response that could affect our results, such as the release
of cytokines or other inflammatory components. The use
of saline does provide the ability to design a randomized
double-blinded study. Euflexxa is one of several commer-
cially available HA formulations. Each formulation has
a different structure and weight, so this study is hardly
generalizable to all types. It was specifically chosen, as it
is bacterially derived without reports of sterile synovitis
flares postinjection (as other types have shown). Euflexxa
is a high molecular weight HA that has been shown to be
most effective among the HA types. Furthermore, this
study evaluated the effect of an injection of HA 1 week
before the marathon. It may be that an HA injection at
a different time frame relative to running a marathon
may provide benefit. Every effort was made to exclude
patients with previous knee pain or injury, and any post-
race marathon training was prohibited for 3 months. Cer-
tainly, however, some variability in training regimens
existed among participants, and running logs could have
helped control for this, as would controlling for height,
weight, and/or body mass index. Finally, screening 36-
inch alignment radiographs were not done on the running
cohort, and the changes in patellofemoral and medial joint
cartilage seen in T1r mapping at 3 months postmarathon
could be explained by the presence of varus malalignment.

CONCLUSION

This study showed that HA had no effect on knee cartilage
as assessed by MRI T1r mapping in a cohort of marathon
runners as compared with an NS control, when given
1 week before the marathon. Within the T2 mapping, the
HA group did show a trend toward significance for chon-
droprotection of the weightbearing lateral femoral condyle
and lateral tibial plateau at 1 week postmarathon. How-
ever, at 3 months postmarathon, no significant changes
in T2 mapping between the groups was observed. Further
research is needed to learn what elevated relaxation times
mean for long-term knee cartilage health and if prevention
of these changes with viscosupplementation or other inter-
ventions can protect from permanent water content shifts
and matrix-PG[AQ: 8] injury.
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