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Introduction

Musculoskeletal tissue samples procured for research 
purposes, particular those in preclinical models, are 
frequently acquired shortly after death. In research studies 
it is ideal to analyze fresh specimens; however, it is often 
necessary to freeze samples for evaluation at a later date. 
Preservation techniques and storage protocols must be 
compatible with the analytical methods chosen for a 
particular study. As imaging, gross assessment, mechanical 
testing, biochemical assessment, and histology are often 
performed in combination, it is important to account 
for the effect that a freezing protocol may have on the 
properties of a specific tissue. For example, freezing of 
cartilage samples commonly involves use of stabilizing 
agents such as dimethyl sulfoxide (DMSO), cross linking 
agents, cationic agents, or protease inhibitors (1). Cross 
linking agents such as formalin and solvents such as DMSO 
can prevent proteolysis and formation of ice crystals to 

preserve accurate protein quantization and histological 
morphology, respectively; however, if magnetic resonance 
imaging (MRI) is also performed, these agents will alter T2 
values of tissue (1,2). Similarly, cationic agents that prevent 
leakage of glycosaminoglycans from tissue do so at the 
expense of neutralizing the fixed charged density, which is 
the molecular correlate for quantitative T1ρ imaging (3). 
Optimized freezing protocols for tissues destined for MRI 
scanning have been created for cartilage preservation using 
low concentrations of protease inhibitors with short term 
storage at +4° F or −20° F (1), having a minimal effect on 
T2 values. A similar protocol for preservation of tendons 
destined for MRI analysis is not currently available. 

Studies in which tendons have been frozen and thawed 
vary greatly in their methods. Many tendon studies 
investigating allograft design intentionally destroy the 
cellular components of the tendon with specific freezing 
techniques to reduce immunogenicity (4,5). Other studies 
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mention the use of fresh-frozen tendons but the freezing 
method, pre-treatment conditions, freezing temperature, and 
thawing protocols differ (4,6-12). Frozen tendon samples 
have displayed unpredictable alterations of tissue properties; 
specifically, maximum load, energy of maximum load, 
maximum stress, ultimate tensile failure and elastic modulus 
during tensile testing of specimens (4,6,7,10). Tendon 
properties as assessed using MRI have undergone limited 
evaluation with respect to the freeze-thaw process (12,13).

Tendons typically exhibit little signal on clinical fast-
spin echo (FSE) MRI sequences due to their highly ordered 
collagen composition, which causes a rapid shortening of 
T2 relaxation and corresponding loss of signal. Only when 
the tendon is highly disrupted by edema or hemorrhage 
will it appear abnormal on FSE images, and subtle injuries 
may escape detection. Newer techniques, such as ultrashort 
echo time (UTE) imaging, can visualize tissue species with 
very short T2 relaxation times, and permits calculation of a 
reproducible decay constant (T2*). Prolongation of T2* may 
be used as a biomarker of disruption of highly ordered tissues 
such as tendons, ligaments, menisci, and periosteum (14-17), 
and may detect early changes of tendon structural damage. 
Although UTE T2* has been shown to correlate with 
disrupted collagen in harvested and in vivo tissue samples (18),  
the effect of tissue freezing on T2* values has not been 
completely assessed. In addition, few papers address the 
effect of freezing on quantitative MRI properties of tendons. 
Chang et al. described the effect of freeze-thaw cycles on 
the T2* and T2 values of human Achilles tendons (13). No 
effect was found with multiple freeze-thaw cycles; however, 
the sample size was very small (n=4), limited to humans, 
and the four samples were retrieved from three older female 
specimens. In contrast, our laboratory frequently performs 
pre-clinical studies using large animal models from different 
species and with age variability. Therefore, the purpose of 
this study was to determine the effect of multiple freeze thaw 
cycles on T2* values for a sample of juvenile and young adult 
bovine patellar tendons. The patellar tendon was chosen for 
investigation since a large portion of tissue would be available 
for quantitative MRI analysis, and the patellar tendon is 
used as graft material in human anterior cruciate ligament 
reconstructive surgery. 

Materials and methods

Specimen preparation

Fourteen fresh bovine knees were acquired from a local 
abattoir within eight hours of death. Four had closed physis 

(young adult) and ten had open physis (juvenile), but were 
of market weight. The tendons were inspected visually by 
a veterinarian for gross evidence of disease or defects. The 
central patellar tendon was harvested from each knee and 
wrapped in saline-soaked gauze to maintain hydration. 
Specimens were refrigerated at 4 ℃ for 12 hours prior to 
image acquisition. Initial (pre-frozen) MR imaging was 
performed within 24 hours of death. 

Image acquisition

All scanning was performed on a clinical 3T scanner (GE 
Healthcare, Waukesha, WI, USA) with an 8 channel 
phased-array wrist coil (Invivo, Gainesville, FL, USA). 
Morphologic multi-planar FSE images were acquired: TE: 
24 ms, repetition time (TR): 4,000 ms, receiver bandwidth 
(RBW): ±50 kHz, acquisition matrix (AM): 512×256-
512×384, number of excitations (NEX): 1-2, field-of-view 
(FOV): 16 cm, slice thickness (ST): 1.0-2.0 mm. Next, 
axial multi-slice multi-echo two-dimensional UTE images 
oriented along the length of each tendon were acquired 
for T2* calculations: TEs =0.05, 5, 10, 15 ms, TR =350 ms, 
RBW =±62.5 kHz, AM =512×701, NEX =2, flip angle =45°, 
ST =2 mm, slice spacing =1-2 mm. Following scanning, 
each tendon was placed in a sealed plastic bag to prevent 
dehydration, and was frozen at −20 ℃ for at least 24 hours. 
Following freezing, each tendon was permitted to fully thaw 
at room temperature, requiring approximately 6 hours, 
and the MR imaging protocol was repeated. Each tendon 
underwent a total of four freeze-thaw cycles following 
scanning of the fresh tendon sample. 

Image analysis

Patellar tendon T2* values were calculated from the UTE 
images acquired following each freeze-thaw cycle by fitting 
the TE to the corresponding signal intensity: SI (TE) = 
So*e(-TE/T2*)+C, where SI (TE) is the signal intensity at echo 
time TE, So is proportional to apparent proton density, 
T2* is the inherent transverse relaxation time constant, and 
C is a constant to account for image noise. Average bulk 
T2* values from all voxels comprising individual tendons, 
approximately 15,000 voxels, were generated for statistical 
analysis. 

Statistical analysis

A two-way repeated measures analysis of variance (ANOVA) 
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was performed to determine the effects of specimen age 
(juvenile or young adult) and freeze thaw cycles on tendon 
T2* values. A post hoc Student-Newman-Keuls (SNK) 
test was performed when statistical significance was found. 
Significance was set at P<0.05. 

Results 

The T2* values of all fresh bovine patellar tendons were 
significantly longer (1.66±0.35, mean ± st.dev.) than T2* 
values measured after 1, 2, 3, or 4 freeze-thaw cycles, 
P=0.0003 (1 .47±0.24,  1 .45±0.20,  1 .46±0.18,  and 
1.43±0.20 ms respectively). This represented approximately 
12% reduction in tendon T2* values after having undergone 
a single freeze-thaw cycle. T2* values following any 
number of freeze-thaw cycles were similar to one another 
(Figure 1). Significant differences of T2* values were found 
between the young adult specimens, 1.38±0.31 ms, and 
those from juvenile specimens, 1.72±0.23 ms, P=0.02. The 
interaction between the two factors of age and freeze-thaw 
cycle was not significant, P=0.05. The juvenile specimens 
had a significant shortening of T2* after one freeze thaw 
cycle, P=0.001, but no changes of T2* were seen following 
the first freeze-thaw cycle. Fresh young adult specimens 
tended to have the longer T2* values as compared to T2* 
following individual the freeze-thaw cycles, but this was not 
significant, P=0.25. Seven samples demonstrated a slight 
reduction in T2* from the first to the last freeze-thaw cycle, 

three demonstrated no change, and four demonstrated a 
slight prolongation of T2* values. A representative T2* map 
of a fresh tendon sample and of the same tendon sample 
following four freeze-thaw cycles is shown in Figure 2. 

Discussion

The current study evaluated the effect of numerous freeze-
thaw cycles on the inherent MR parameter T2* of bovine 
patellar tendon samples. Our study demonstrated a small 
but significant reduction of tendon T2* values after one 
initial freeze-thaw cycle, attributable primarily to the 
specimens from juvenile animals. The magnitude of the 
reduction was less than 1 ms. Since the only significant 
difference was found between the fresh and the first freeze-
thaw cycle, the difference seen may have been due to loss of 
free water from the cellular component, which is susceptible 
to freezing and the formation of ice crystals. Subsequent 
freeze-thaw cycles would not have a further effect on this 
lost cellular component explaining the lack of further 
reduction in T2* values. In this study, we found a significant 
12% difference of T2* between the fresh and frozen 

Figure 1 Mean (± SD) of bovine patellar tendon T2* within 24 
hours of death, and following four freeze-thaw cycles to −20 ℃. T2* 
values of the fresh specimens were significantly prolonged compared 
to T2* values obtained after any number of freeze-thaw cycles.
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Figure 2 Representative slice matched axial T2* maps of a single 
bovine patellar tendon from a fresh sample (A) and after four freeze 
thaw cycles (B). The specimen displays a mild reduction of T2* 
throughout the tissue sample following the 4 freeze-thaw cycles. A 
total of 15 slices was evaluated for this specimen.
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samples. This corresponds well with previous studies which 
performed serial scanning of fresh and frozen specimens. 
To put our results in perspective, previous reports 
demonstrated changes of T2* on the order of 30-87% due 
to pathologic states (19). Therefore the small change in T2* 
that was found in our study, while significant, is smaller than 
would be anticipated with pathologic changes in tendon.

The effect of freeze-thawing on T2* values has been 
assessed in just one prior study, of limited sample size, in 
which no significant change in tendon T2* values were 
found between fresh and frozen-thawed geriatric, female, 
human Achilles tendon samples (13). Several differences 
exist between the current study and the prior study, 
including: the tendon sample evaluated (Achilles versus 
patellar), the source species, the age of tissue sample, and 
the gender. Each of these factors or a combination may 
explain these results.

The mechanical properties of a tendon are dependent 
on anatomic location, exercise, and immobilization (20), 
In addition, analogous tendons in animal models often 
behave differently in quadrupeds than in humans (21). For 
example, scar formation is a known result in rotator cuff 
repair in sheep that does not occur in human repairs (22). 
As tendon characteristics vary from quadrupeds to humans, 
it is presumed that T2* values may also be different between 
species. The average value of the fresh human Achilles 
samples were recorded at 1.04-1.78 ms with an average of 
1.18±0.45 (13), whereas the samples in this study were 1.10 
to 2.10 ms with an average of 1.66 ±0.34.

The samples in this study were obtained from relatively 
young animals as beef cattle are slaughtered commonly 
before age 3 (juvenile), whereas older culled breeding stock 
are usually over 3 years old but less than 10 years of age, 
which is still relatively youthful compared to the tendons 
from Chang et al. Material and structural properties of 
the tendon increase from birth through maturity and 
then decrease from maturity through old age (20,23). 
Aging tendon tissue has been shown to have an increase in 
extracellular matrix volume and a decrease of the relative 
number of cells (24). Other changes include progressive 
degeneration of the tendinous structures, progressive 
disruption of the integrity of the attachment of the tendon 
to the bone by Sharpey’s fibers, loss of staining quality, 
fragmentation of the tendon, diminished vascularity and 
diminished fibrocartilage (23). The tenocytes have been 
shown to also be longer and thinner with reduced protein 
synthesis, and disoriented collagen fibers as a result of 
variations in thickness due to an increase in collagen, a 

decrease in mucopolysaccharides, and a decrease in water 
content (24). This likely explains the mild elevations of our 
bulk T2* samples compared to the human Achilles tendons, 
as young tendons would have a larger cellular component. 
This may also explain our small but significant drop in 
relatively young tendons compared to geriatric tendons, as 
geriatric tendons may not have had a substantial cellular 
component to lose in the first freeze thaw cycle. Although 
the T2* value has not been studied in young versus old 
specimens, differences in articular cartilage T2 values have 
been shown between children and adolescents and between 
adolescents and adults. Children with open physis tend to 
have longer T2 values than adolescents with closed physis (25). 
After adolescence, the T2 values again prolong with age. 
The difference seen in this study between tendon T2* values 
of open and closed physis specimens may reflect the cellular 
and matrix alterations during development and maturity in 
which the younger group has lower material and structural 
properties that increase during maturity, reflected as a small 
prolongation in T2*. It may be hypothesized that tendons in 
geriatric cattle may demonstrate a mild reduction in T2* due 
to loss of these structural and material properties; however, 
cattle of this age are seldom available.

Finally, tendon structural and mechanical properties 
have been noted between genders (26,27), including stress, 
strain, stiffness, and tensile strength and Young’s modulus. 
The collagen content and collagen cross linking are not 
different although the total dry mass is reduced in women 
with a reduction of collagen content per tendon wet weight, 
resulting in a reduced water content in women (28). This 
may further explain the differences seen in our study as 
our samples were unknown gender. Chang et al used solely 
female tendons. 

This study had several limitations. First, only four echoes 
were used in the current analysis to calculate T2*. Previous 
studies have acquired more echoes to evaluate short T2 
species, at the cost of a prolonged scan time, for example 
22 minutes for 11 echoes (19) or 26 minutes for 13 echoes (29). 
The scanning sequence used in the current study is one 
which we have used to determine the utility of T2* mapping 
in the setting of meniscal repair (18), and implements in 
a clinically feasible scan time of under 10 minutes. Other 
studies have been successful in correlating T2* with tendon 
properties when using only two echo time points (30). 
Second, this study froze specimens to −20 ℃. Laboratories 
frequently freeze tissues and cells lines between −40 to 
−135 ℃ to for cryopreservation. The temperature of −20 ℃ 
was chosen since this is the common temperature used to 
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preserve samples within our laboratory. 
In conclusion, freezing of untreated tendons leads to 

small but significant reductions in UTE T2* values. The 
results of our study demonstrate the importance of using 
uniform (fresh or frozen) tissue samples when assessing 
UTE T2* and noting that one freeze-thaw cycle may 
significantly reduce T2* values in young tendon samples.
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