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Water diffusion measurements were performed on rabbit Achil-
les tendons during static tensile loading and tendons in an un-
loaded state. The apparent diffusion coefficient (ADC) was mea-
sured along two directions: parallel and perpendicular to the long
axis of the tendon. Tendons were studied after being prepared in
two ways: (a) after being stored frozen in phosphate-buffered
saline (PBS) and (b) freshly isolated. Statistically significant direc-
tional anisotropy was observed in the ADC in all tendons. The
ADC was significantly greater in the direction parallel to the long
axis of the tendon than in the perpendicular direction. The an-
isotropy is attributed to the greater restrictions seen by the water
molecules in the perpendicular direction and is consistent with the
known geometry of the tendon. Storage in PBS caused tendons to
swell. This increased the ADC measured along both directions and
reduced the anisotropy. The existence of anisotropy in the ADC
was not related to the orientation of the specimen in the magnet.
The ADC increased along both directions following the applica-
tion of a 5-N tensile load; the increase was greatest along the
perpendicular axis of the tendon. In order to determine whether
load-related changes in the ADC reflected changes in interfibrilar
spacing, we used electron microscopy to measure load-related
changes in fibril spacing. Load-related changes in fiber spacing
could not account for the observed changes in the ADC. The
increase in ADC caused by loading was attributed to the extrusion
of tendon water into a bulk phase along the outside surface of the
tendon. In PBS-stored samples, enough fluid was extruded that it
could be visualized. The transient response of the ADC to a 5-N
tensile load was also studied. The absolute ADC in both directions
increased with loading and recovered to baseline upon unloading.
The transient changes in ADC, for both loading and unloading,
had a mean time constant of approximately 15 min. The magni-
tude of the load-induced transient ADC changes was comparable
to that seen in the static-loading experiments. © 2000 Academic Press

Key Words: tendon; water transport; anisotropy; ADC; tensile
loading.

INTRODUCTION

There is considerable evidence that the water contain
biological soft tissue structures plays an important rol
determining the way those materials respond when the
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mechanically loaded. For example, when cartilage is c
pressed, there is movement of water through the solid mat
the cartilage (1). The fluid resistance associated with this w
movement through tortuous paths in the solid matrix crea
viscous component in the load response. In addition, the
material properties of soft tissues loaded in tension are str
influenced by changes in tissue hydration (2–5). It is also
known that the viscoelastic properties of tissues are chang
hydration (6).

While an important role for water is suggested by the ab
studies, there have been experimental obstacles to stu
water content or water movement in tissues. For exampl
water content of a sample can be measured by weigh
while wet and again after drying it in an oven (7). However, a
fundamental problem with this method is that it is destruc
only one observation can be obtained from each sample

In this report we describe a nondestructive method, bas
NMR measures of the apparent diffusion coefficient (ADC
water, to demonstrate fluid movement caused by tensile
ing of rabbit Achilles tendons.

The ADC can be measured using pulsed-field-grad
(PFG) NMR. Since the mean-squared displacement of w
molecules is reduced by the presence of physical barrier
ADC magnitude, at a given diffusion time, reflects the p
imity of barriers encountered by water molecules as
diffuse. Tendons are made up of long, parallel arrays of
lagen molecules, which assemble to make parallel arra
collagen fibrils, which in turn assemble to make gross tend
Since these components constitute barriers to diffu
changes in their spacing are reflected in the ADC mea
ment.

Diffusion in the presence of barriers or “restricted diffusi
is determined by the relative magnitudes of the diffu
length,l d, and the size of the space available for diffusion,
structure length,l s (8). The diffusion length is the avera
distance that molecules can diffuse in a given diffusion t
l d 5 (ADC 3 t) 1/ 2, wheret is the diffusion time. Whenl d !
l s, a majority of molecules will not have diffused far enoug
experience restrictions imposed by the barriers. Howevert
1090-7807/00 $35.00
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218 HAN ET AL.
is increased, an increasing number of molecules will have
motion restricted and the measured ADC will be reduced
D 0, the diffusion coefficient of the bulk fluid. In this regim
the ADC can reflect average measures of the barrier spa
such as the ratio of the medium’s surface-area to volume9).
For the case ofl d @ l s, molecules have fully experienced
restricted diffusion space and now the measured ADC re
the connectivity of the diffusion species in the medium (10).

he barrier spacings to which PFG NMR experiments
ensitive are therefore determined byl d. For example, if th

barrier spacing isL, the diffusion time must be such tha
majority of water molecules have diffused that far during
measurement in order that the effect of the barriers is
reflected in the measured ADC. The diffusion times use
these experiments ranged from 6.5 to 148.5 ms. The la
ADC measured in these experiments was 143 1026 cm2/s, so
barrier spacings less than 1mm were not detectable. T
majority of the diffusing water molecules would have exp
enced the restrictions due to such barriers during the mini
6.5-ms diffusion time. While the ADC is sensitive to pack
at the .1-mm level, it may nonetheless be influenced
changes in the packing beyond its resolution limit, e.g., a
fibrillar level. For example, increasing the closeness of pac
at the fibrillar level could cause water to be displaced
another location, such as a bulk phase, outside the te
where it experiences different barriers to diffusion. If suc
bulk phase is contained within the volume sampled durin
ADC measurement, then it will influence the resulting valu
ADC. If it can be shown that packing does not change sig
icantly (i.e., by an order of magnitude) at the micrometer le
then changes in the ADC can be used to make inferences
water transport associated with tensile loading.

FIG. 1. Experimental apparatus for the ADC measurements. The ten
held in a paraffin-oil-filled plastic tube, mounted in the bore of the ma
perpendicular to the main magnetic field, and attached to the applied loa
suture material that is led outside the magnet over pulleys. The load is a
outside the magnet. The solenoid RF coil is placed around the outside
plastic tube.
ir
m

ng,

ts

e

e
ly
in
est

-
m

e
g

o
on,
a
n
f
f-
l,
out

METHODS

1. Tendon Preparation

Studies were conducted using Achilles tendons from yo
(3 kg) New Zealand white rabbits of either sex. Just prio
initiating the experiment, rabbits were euthanized with
overdose of Nembutal, and Achilles tendons were disse
from the hindlimbs. The dissection was done in a clo
chamber that was maintained at 100% humidity, in orde
prevent dehydration of the tendons. The gross Achilles ten
were removed from each leg; each was divided longitudin
into three individual tendons. Each individual tendon was
at its ends with No. 0 surgical thread that was used to m
the tendon in the apparatus. The tendons were then sto
paraffin oil until used. All tendons were studied within 3.5 h
harvesting.

In a set of initial experiments, tendons were dissected
open environment and stored frozen in 300 mOsm phosp
buffered saline (PBS) solution at pH 7.4. They were tha
just prior to use in the experiment. There were some di
ences (noted below) in experimental procedures in the e
iments using fresh and PBS-stored tendons.

2. Apparatus

ADC measurements were made using the apparatus s
in Fig. 1. Tendons were mounted vertically, normal to
magnet bore in a section of Lucite tubing with 5.3-mm ins
diameter. The tubing was filled with paraffin oil to prev
tendon dehydration. The RF coil was a nine-turn solenoid
conformed to the outside of the tubing. When mounted in
apparatus, the tendon extended approximately 6 mm be
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t
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FIG. 2. Apparatus for measuring the effect of tendon orientation on
ADC. The tendon (T) is held in a Lucite tube (P) with suture material (S).
tendon is held under tension by the spring (SP). The tube can be rotated
the shaft (R) to change the orientation in the magnet. A Helmholtz RF co
pair was used with this apparatus.
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219ADC CHANGES IN RABBIT ACHILLES TENDON UNDER TENSILE LOAD
the top and bottom ends of the RF coil. One end of the te
was tied to the bottom of the apparatus. The string on th
end of the tendon was led, over a pulley system, to the ou
of the magnet. The tendon was loaded in tension by han
masses on the string, exterior to the magnet. Masses of ap
imately 0.04, 0.5, and 1.0 kg were used, resulting in te
loads of 0.4, 5, and 10 N, respectively.

In experiments designed to test for the dependence o
ADC on the orientation of the sample in the magnet, a se
apparatus was used (Fig. 2). In this apparatus, the tendo
mounted in a closed plastic tube filled with paraffin oil. T
tendon was held by surgical thread that was anchored a
end and held under tension (0.4 N) by a spring arrangem
the other end. The orientation of the sample in the ma
could be changed by rotating the tube 90°. Thus, the long
of the tube (and the tendon) could be either normal or pa
to the main magnetic field,B0. The RF coil was a 15-mm
diameter Helmholtz coil that was concentric with the axi
rotation of the tube. The tube rotated in the plane of
Helmholtz coil.

3. ADC Measurements

All NMR measurements were made using a GE CSI-II
T/45 cm imaging spectrometer operating at 85.56 MHz
protons and equipped with620 G/cm self-shielded gradien
The ADC of tendon–water protons was measured spectro
ically using two pulse sequences: either a pulsed-field-gra
spin-echo (PFG SE) or a stimulated-echo (PFG STE) seq
(Tables 1 and 2). Each pulse sequence included 1:3:3:1 c

TAB
Summary of the Pulse Sequences Use

Experimental paradigm Me

Static loading—PBS-stored tendon Load/no load
Static loading—Fresh tendon Diffusion-time

load/no load

Transient loading—Fresh tendon ADC
Change of orientation

Note.The parameters used in each pulse sequence are listed in Tab

TAB
Summary of NMR Parameters Used i

Experiment
Gradient strength

(G/cm)
TE

(m

PBS-stored tendon—Static load 1–15
Fresh tendon—Static load 3–15
Fresh tendon—Static load 3–15
Fresh tendon—Transient load 3–18
Change of orientation
on
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ical-shift selective pulses for paraffin-oil-signal suppres
(11). The frequency separation between the water and pa
esonances was 312.5 Hz. The orientation, load, loading-
nd diffusion-time dependence of the ADC were determ

or measurements made both parallel and perpendicular
ong axis of the tendons.

a. Effect of static tensile loading and diffusion time.The
effect of tensile loading on the ADC was measured u
separate methods in the preliminary and the final experim
In the initial experiments, load-related effects on ADC w
studied using tendons stored in PBS (N 5 30). In these
experiments, the ADC was first measured with the tensile
set at 0.4 N, a load sufficient to prevent slack in the tendon
tensile load was then changed to 5 N, followed by 10 N,
then returned to 0.4 N. Each time the load was change
data were collected for at least 10 min, in order to allow
tissue to reach a steady state. In the final static-loading e
iments, freshly isolated tendons were used (N 5 10), and two
levels of static loading (0.4 and 5 N) were used. In the
experiments, the effects of static loading and diffusion ti
were studied together, in order to determine any pote
interaction between those two variables. Fresh tendons
placed in the magnet using the apparatus shown in Fig. 1.
sequences and NMR parameters used in the above exper
are described in Tables 1 and 2.

Inversion-recovery and Hahn spin-echo methods were
to measure theT1 and T2 of several samples in order
determine the repetition and echo times. Typical values fo
relaxation times wereT1 5 475 ms andT2 5 35 ms.

1
n Different Experimental Paradigms

rement Sequence(s)

PG SE
pendence of ADC; Short t Long t

PG SE PG STE
PG STE

.

2
he Pulse Sequences Shown in Table 1

TR
(ms)

d
(ms) No. of avgs

t
(ms)

Tensile
loads

0 1000 6 2 80 0.4,
5 1000 6 2 10–20 0.4,
5 1000 6 4 50–150 0.4,
5 1750 6 4 80 0.4,

100 0.4
LE
d i

asu

de

le 2
LE
n t

s)

12
2
2
2



of
th

of a
atu
loa
ed
fte
in
th

les

re
mp
oth
en
el t
su
ns

er
th

und
Th

m

us
p tre
s hos
e ed
c ). I
t hin
m f th
o atu
m ab
t l a
c m
a de
m fix
o

tran-
s tions
s udes
o ere
i resh
t s the
c the
m ring
t riod,
d uent
3 4 N.
L n the

sured
gian

5

nder
l hile
u ded
( in the
fi and
t ndon
u lized
u ed at
4 ana-
l ter-
m rils
w sible
b s). In
o brils
( ined
a

s
d
, on
irec-

ong
ular)

Stor-
the

tion.

DC
DC
The

icular
gni-
(Fig.

n (T
lam
ent

220 HAN ET AL.
b. Effect of transient loading. The transient response
the ADC was measured by recording it before, during
application of, and while recovering from the application
5-N tensile load. Upon securing the tendon to the appar
five measures of ADC were made with a 0.4-N load. The
was then switched to 5 N for 30 min. The ADC was measur
each minute for 5 min and then at 5-min intervals therea
After 30 min, the load was switched back to 0.4 N for 30 m
The ADC was measured perpendicular and parallel to
tendon long axis with a PFG STE pulse sequence (Tab
and 2).

c. Effect of tissue orientation.Fresh tendons we
mounted in the apparatus shown in Fig. 2. With the sa
perpendicular toB0, the ADC was measured in directions b
perpendicular and parallel toB0. The specimen was th
rotated 90° (to position the long axis of the tendon parall
B0), and the same sequence was repeated. All ADC mea
were made using the same pulse sequence as in the tra
tests (above).

4. Mechanical Testing

In separate experiments, not utilizing NMR, tendons w
studied in a tensile loading apparatus (Fig. 3) in which
mechanical responses to loading could be determined
conditions similar to those used in the NMR experiments.
apparatus has been described in detail elsewhere (12). Two

echanical testing paradigms were used:

a. In order to determine whether the loads we used ca
hysiologically relevant stresses, we characterized the s
train relationship for tendons using loads identical to t
mployed in the NMR experiments. Tendons were secur
lamps (C) coupled to a linear actuator and a load cell (L
his device, the tendon was held horizontally; the bat
aterial for the tendon was paraffin oil. The temperature o
il bath (B) was kept at 18°C, the same as the temper
easured inside the magnet. A microscope was mounted

he tendon so that its diameter and thus its cross-sectiona
ould be measured optically. Stresses were calculated fro
pplied loads and the cross-sectional area. Strains were
ined by measuring the displacements of small markers
n the tendon surface.

FIG. 3. Apparatus for uniaxial material testing of tendons. The tendo
is maintained in a paraffin oil bath (B). It is held by two clamps (C). One c
is connected to the linear actuator (S) through a linear variable differ
transformer (LVDT). The second clamp is coupled to a load cell (L).
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b. We performed creep tests in order to determine the
ient mechanical behavior of the tendons under condi
imilar to those used in the NMR experiments. The magnit
f applied loads and the duration of their application w

dentical to the values used in the NMR experiments. F
endons were stretched using the linear actuator; force wa
ontrolled variable. Thus, just as in the experiments in
agnet, the force was fixed while displacement varied du

he trial. Displacements were recorded during a 30-min pe
uring which a 5-N load was applied, and during a subseq
0-min recovery period, in which the applied load was 0.
O was measured as the length of the tendon betwee

clamps at zero load; the increments in displacement mea
during the test were converted to strains using a Lagran
formulation (13).

. Electron Microscopy

Four tendons were fixed with 2.5% glutaraldehyde u
oaded or unloaded conditions. Two tendons were fixed w
nder 10.2-N tensile load and two were fixed while unloa
0.4-N load). The tendons were maintained under tension
xative for 4 h. Tendons were then embedded in plastic
hin sections were cut transverse to the long axis of the te
sing a diamond knife. The resulting sections were visua
sing a transmission electron microscope and photograph
0,0003. The resulting photographs were scanned and

yzed using NIH Image software (ver. 1.55). In order to de
ine the distributions of fibril diameters, the sizes of all fib
ere measured (excluding those that were only partially vi
ecause they intercepted the edges of the photograph
rder to measure interfibrillar space, the area of all fi
including those that intercepted the edges) was determ
nd subtracted from the total area of the photograph.

RESULTS

1. ADC Measures

a. ADC values in unloaded tendons.Table 3 summarize
the ADC values measured (att 5 80.0 ms)under unloade
(0.4-N tensile load) conditions from all experiments (i.e.
both fresh and PBS tendons). The ADC showed marked d
tional anisotropy: it was significantly greater along the l
(parallel) axis of the tendon than along its short (perpendic
axis. The mean anisotropy ratio (mean ADCi/mean ADC')
was 1.5 for PBS-stored tendon and 2.8 for fresh tendon.
age in PBS increased the ADC significantly, by 230% in
parallel direction, and by 436% in the perpendicular direc

b. Effect of tensile loading and diffusion time on static A
values. Static tensile loading caused an increase in the A
in both fresh and PBS-stored tendons (Figs. 4 and 5).
increase was observed along both parallel and perpend
directions. The relationship between the ADC and the ma
tude of the applied load was tested in PBS-stored tendons
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221ADC CHANGES IN RABBIT ACHILLES TENDON UNDER TENSILE LOAD
4). The ADC increased with increasing load and retu
toward control with unloading; however, the ADC did
recover to initial values even after recovery times of u
0.5 h. The significance of the effect of loading on the meas
ADC was tested using a repeated-measures ANOVA and
specific pairwise comparisons between group means.
ANOVA revealed that the effect of loading was highly sig
icant (P , 0.0001). Pairwise comparisons between gro
means were made within the perpendicular and parallel g
to determine which individual group means differed from e
other. The only significant pairwise comparison was betw
0.4- and 10-N perpendicular groups (P , 0.01).

The effect of varying diffusion time was tested using fr
tendons (Fig. 5). Initially, the ADC decreased with lon
diffusion times; however, the ADC began again to increas
t was increased further. The anisotropy ratio calculated
the mean ADC at each diffusion time ranged from 2.3
loaded,t 5 8.5 ms) to 2.1 (unloaded,t 5 148.5 ms) and 1.
(loaded,t 5 8.5 ms) to 1.7 (loaded,t 5 148.5 ms).

c. Transient effect of tensile loading.The transient re
sponse of the ADC to a 5-N tensile load was studied in 10
tendons; the results are shown in Fig. 6. The ADC incre
along both the parallel and the perpendicular directions d
the period that the load was applied. The mean value o
increase was greater along the perpendicular direction (63
1026 cm2/s) than along the parallel direction (3.83 1026

cm2/s). The magnitude of the load-induced change was-
parable to that seen in the static-loading experiments (e.g
Fig. 5). The significance of changes in the ADC was evalu
using repeated-measures ANOVA by comparing the five
ues recorded prior to load application to the three va
recorded between 20 and 30 min following load applica
when the ADC change had reached a relatively steady
The percentage increases along both directions were h
significant (P , 0.001).

The absolute ADC in both directions recovered to bas
pon unloading (Fig. 6). The changes in ADC had a mean
onstant of approximately 15 min. The time constants did

TABLE 3
Tendon–Water ADC as Measured along Directions Parallel and

erpendicular to Tendon Long Axis, for both Fresh and PBS-
tored Tendons

Fresh tendons PBS tendons

Parallel Perpendicular Parallel Perpendic

Range 4.2–8.3 1.0–4.1 10.4–19.4 5.3–18.
Mean 6.7 2.4 15.4 10.5
N 18 24 30 30
SEM 0.2 0.2 0.6 0.7

Note. All ADC values are3106 cm2/s. The diffusion time for all of th
measurements was 80 ms.
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differ between loading and unloading conditions. The tran
response was not measured in PBS-stored tendons.

d. Effects of tendon orientation on ADC.The effect o
tendon orientation in the magnet was studied in four f
tendons, using the apparatus shown in Fig. 2. First, the
was measured along both directions while the long axis o
tendon was perpendicular toB0. Then the tube holding th
tendon was rotated, so that the long axis of the tendon
oriented parallel toB0. The ADC was again measured alo
both directions. The resulting values of ADC along the l
and short axes of the tendons are shown in Fig. 7. Cha
orientation had little effect on the ADC along the perpendic
direction of the tendon (3.5 versus 3.13 1026 cm2/s). How-

ver, the ADC values along the parallel direction of the
ons were significantly different (7.36 0.4 versus 5.66 0.63
026 cm2/s, P 5 0.024).

2. Mechanical Testing

The mechanical testing experiments were done in ord
describe the mechanical behavior of tendons under cond
similar to those used in the NMR experiments.

a. Length–force tests.We wanted to determine wheth
the loads we used in the NMR experiments caused stres
the physiological range. The relationship between length
force was measured in four PBS-stored tendons. Data from
representative tendon are shown in Fig. 8. Application
10-N load caused stresses in the range of 1.5 MPa.
nonlinear shape of the stress–strain curve indicates that st
used in these experiments are at the lower (physiological
of the stress–strain function (14).

b. Creep tests. We wanted to determine whether the ti
constants of creep and recovery were similar to the

FIG. 4. ADC' and ADCi values in PBS-stored rabbit Achilles tend
under static tensile loads. The diffusion time for these data wast 5 80 ms
Loads were presented in the sequence denoted along the horizontal ax
error bars are6SEM, N 5 30.
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222 HAN ET AL.
constants of the changes that we observed in ADC in the N
experiments. Creep tests were done on five fresh tendons
from a single representative tendon are shown in Fig. 9. U
application of a tensile load, the tissue elongated. The lo
time constants of the elongation (N 5 5) and recovery (N 5
4) processes had values between 4 and 6 min. The mea
constants for elongation and recovery were not significa
different. Recovery was never complete within the time co
of the experiments; each tendon showed evidence of res
strain at the end of the recovery period. The residual strain
a mean magnitude (N 5 4) of 0.17.

Creep tests on PBS-stored tendons were conducted wi
tissue under paraffin oil, so that conditions would be simila
those of the NMR experiments. The tendons were obse
visually during these tests. During one test, extruded
accumulated in the form of a drop such that it was observ
(Fig. 10).

3. Electron Microscopic Measures of Fibril Size and
Spacing

Analysis of fibril size and spacing was done using one im
from each of the four tendons fixed while unloaded and
four fixed under load. Examples of sections taken from loa
and unloaded tendons are shown in Fig. 11. The numb
fibrils and the diameters of fibrils were determined in defi
areas of the images. The mean fibril size was determined
measures of approximately 1000 fibrils; mean fibril diam
(N 5 988) was0.14 6 0.0038mm in unloaded and 0.136
0.0003mm (N 5 1114) in loaded tendons. Although sma
he difference was highly significant (t 5 3.64; df 5 2100;

5 0.0003). Thespace between fibers was 0.37 of the t
rea in control tendons and 0.40 in tensile-loaded tendon

FIG. 5. Effect of diffusion time and loading upon ADC of tendon wate
fresh rabbit Achilles tendons. Diffusion was measured both paralle
perpendicular to the major axis of the tendon. Data denoted as “loaded”
applied load of 5 N. Error bars are6 SEM, N 5 10.
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DISCUSSION

The changes in ADC that we observed are interprete
terms of a water-transport phenomenon. In our model, te
loading causes extrusion of water from the inside of the te
to a bulk phase along the outside surface of the tendon
water in the bulk phase has a high ADC and is consistent
the increase in ADC that we observed with loading.
interpretation is consistent with a general model of the be
ior of fluids in soft tissues under load, since it has been sh
that fluid is extruded from cartilage when it is loaded
compression (1). Here we show evidence for similar (i.
load–evoked) water transport, in the more general case
soft tissue structure loaded in tension.

Our findings are all based on spectroscopic measurem
made from whole tendons, i.e., including the tendon, its sh
and the space along the outside surface. Because of th
water content and shortT2 of tendon (15) we chose to collec
ignals from the entire tendon. It should be recognized,
ver, that there are a number of limitations associated with
ethod. For example, while we believe that water moveme

he main effect of loading, it is not directly measured with
ethod. Experiments done using imaging or experimen
hich the extruded fluid is removed (16) would allow a more
irect measure of a transport phenomenon. Also, since w

issue spectroscopy aggregates measures from all com
ents of the structure, most notably the tendon and an

d
an

FIG. 6. Transient response of ADC caused by tensile loading of
rabbit Achilles tendons (N 5 10, error bars are6SEM). Data for each tendo
were expressed as a percentage of control; the graph shows the mean
percentages across 10 tendons. The points marked “load” and “unload
resent the application and removal points of a 5-N tensile load. The s
cance of changes in the ADC was evaluated using repeated-measures A
by comparing the five values recorded prior to load application to the
values recorded between 20 and 30 min following load application, whe
ADC change had reached a relatively steady state. The increases alon
directions were highly significant (P , 0.001).
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truded fluid, it is impossible to quantify the magnitude of fl
extrusion. An additional limitation is that the method is o
applicable in experiments in which extruded water can a
mulate stably along the outside of the tendon. It would no
suitable (for example) in anin vivoexperiment where extrud
fluid might be transported away from the tendon sheath.
spite these shortcomings, the spectroscopic measure allo
fast measurements, allowing us to follow the response i
loading-time domain with 60 s resolution.

The finding of anisotropic diffusion of water in rabbit Ach
les tendon in the present experiment conflicts with the fin
of diffusional isotropy by Henkelmanet al.(17) in experiment
on bovine Achilles tendon. In comparison, we found str
anisotropy. At a diffusion time of 19.0 ms, Henkelmanet al.
found an ADC value of 13.76 1.5 3 1026 cm2/s along both

erpendicular and parallel directions. This value is larger
ur measurement of the parallel direction ADC in fresh ten
.6 6 0.4 3 1026 cm2/s (mean6 SEM, N 5 9).
One possible explanation for the difference between

above results is that in the experiments of Henkelmanet al. the
sample, not the gradient direction, was rotated to measu
ADC in perpendicular directions. The strong orientation of
sample fibrils may cause an angular dependence of ma
susceptibility patterns, resulting in a similar ADC value in e
perpendicular direction. In Henkelman’s work, theT2 relax-
ation time was found to vary as the angle between the long
of the tendon and the direction ofB0 was changed from 0 to 5
to 90° in agreement with the trend and values observe
Fullerton et al. (18). Since T2 is known to be sensitive
susceptibility gradients in tissue, this could affect the diffu
measurements since spin populations with shortT2’s would be
removed for the value of TE used in these experiments.

FIG. 7. Dependence of the ADC of rabbit Achilles tendon water (N 5 4)
n tendon orientation in the magnet. Data were acquired with the app
hown in Fig. 2. The diffusion time was 80 ms. Tendon long axis and te
hort axis refer to the ADC measured along the parallel axis and the p
icular axis of the tendon, respectively. The error bars are6SEM. ADCi

values were statistically different (P 5 0.024)while the ADC' values wer
ot.
u-
e

e-
for

he

g

g

n
n

e

the
e
tic

h

is

by

n

is

possible that different populations of spins would be remo
at different orientations. In addition, the tendons used by
kelman et al. were not surrounded by fluid. The result
glass–air sample interfaces would result in a larger susc
bility difference than in our experiment.

In the experiments in which we rotated both the speci
and the fields, we found that there was no statistically si
icant difference in ADC' between the two orientations (Fig.
However, the ADC values along the parallel direction of
tendons differed significantly (P 5 0.024) between the tw

rientations. While it is unclear why different results w
btained for the parallel and perpendicular directions
espect toB0, these results demonstrate that a consisten-

entation of the tendon in the magnet is important when c
paring ADC values for different directions. Since the grad
not the sample direction, was varied in the present experim
changing magnetic susceptibility patterns should not affec
results.

tus
n

en-

FIG. 8. Stress–strain curve for a PBS-stored rabbit Achilles tendon,
loads up to 10 N. Application of a 10-N load caused stresses in the range
MPa. The nonlinear shape of the stress–strain curve indicates that stress
in the NMR experiments are at the low (physiological) end of the stress–
function.

FIG. 9. Tendon elongation and recovery observed during a creep te
a fresh rabbit Achilles tendon bathed in paraffin oil. The applied load wa
(the stress was 0.8 MPa). At the end of the recovery phase of the test the
a residual strain of 0.12.
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The anisotropy differences between the parallel and pe
dicular directions can be accounted for in terms of the tend
structural anisotropy. The collagen component of the s
matrix offers fewer barriers to diffusion along the para
direction, while the diffusion path along the direction orth
onal to the fiber orientation is significantly more restricted
Fig. 11).

The measured ADC values in Table 3 were greater in P
soaked tendons than in fresh tendons. This reflects swelli
the PBS-stored tendons, since 300 mOsM PBS is hypo-os
and results in greater tendon water content. This osm
swelling would presumably increase the distance between
riers to diffusion and, therefore, increase the ADC. The e
of this can be seen by comparing Figs. 4 and 5. The A
values in each direction are higher for the PBS-soaked ten
and the effect of loading is relatively smaller on their alrea
elevated ADC values. Freezing (which was used with
PBS-stored tendons) might also increase the ADC sinc
crystal formation may disrupt cell membranes (and per

FIG. 10. Photographs showing the extrusion of bulk water from a P
stored rabbit Achilles tendon under a 1-MPa tensile stress (load5 6.2 N). Top

min. Middle: 5 min after application of load. Bottom: 13 min after appl
ion of load.
n-
’s
id
l
-
e

S-
of
tic
tic
ar-
ct
C
ns
-
e
ce
ps

also the tendon structure) and thus reduce the barrie
diffusion. The results of the present experiments suggest t
water content is an important factor in determining a tiss
material properties, the use of freshly isolated, paraffin
stored material is preferable to the PBS-stored samples th
commonly used in the study of gross tissue mechanics19).

he large variation in values of ADC between tendons th
een in Table 3 is of unknown origin. Potential contribu
ould be the use of different tendons from different anim
nd differing amounts of water lost during preparation
ounting in the apparatus.
The ADC increased with applied load. On the one hand

ould be the result of decreasing the packing of the struc
omponents of the tendons. Electron microscopic observa
howed that area between fibrils was slightly greater (37

-

FIG. 11. Representative transmission electron micrographs of unlo
(A) and loaded (B) rabbit Achilles tendons. Applied load was 10 N.
contrast of the micrographs has been changed so that fibrils are black wh
background is white. Length marker: 0.5mm. Mean fibril diameter was 0.1
mm (N 5 988) in themicrograph of the unloaded tendon and 0.13mm (N 5
1113) in themicrograph of the loaded tendon. The difference was hi
significant (P , 0.001). Thespace between fibers was 0.37 of the total
in control tendons and 0.40 in loaded tendons.
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40% of the total area) in tendons fixed under a 10.4-N load
have estimated the increase in ADC measured in the pe
dicular direction that would be caused by this decreas
packing. We assumed that the space available for diffu
between fibrils is roughly cylindrical. Using the express
derived in So¨derman and Jo¨nsson (20) for signal attenuatio
or the case of diffusion perpendicular to the long axis of
endon, we find roughly a 9% increase in the perpendic
DC in response to the observed increase in area betwe
brils. Even though electron micrographs sample a very s
egion of tendon, making it possible that the results may n
epresentative of the packing in all regions of the tendon
ncrease appears to be too small to account for the obs
hanges in the ADC with loading. Because of this, we favo
nterpretation that loading causes water extrusion from
endon, with the accumulation of water in a bulk phase a
he outside surface of the tendon. Since the NMR measure
ggregates both the bulk and the tendon water phase
esult of an extrusion process would be an increase in the A
his extruded water is included in the ADC measurem
ince this water is confined to the tendon surface by
araffin-oil bath. This interpretation is supported by the ob
ation, in one experiment, of bulk extruded fluid outside
endon. Also in support of this interpretation is the fact tha
DC increased with load over the range of measured diffu

imes.
As bulk water, the extruded fluid would have a diffus

oefficient of;1.9 3 1025 cm2/s (based upon the temperat
at which the experiment was performed), much greater tha
ADC of the water interior to the tendon. Bursteinet al. (16)
howed a decrease in water ADC value when cartilage
oaded in compression. However, our results are not nece
ly in conflict with their findings since they removed t
xtruded fluid before measuring the ADC. In the present s
xperiments, the spatial distribution of ADC values was
easured and, therefore, if a similar drop in ADC does o

n tendon, it is somewhat masked by the signal from
xtruded water.
The stress–strain curve for tendon has a nonlinear toe r

t low stresses, a linear region at intermediate stresses,
ailure region at high stresses (14). The ultimate strength o
chilles tendons in rabbits of this age is 20–60 MPa (21, 22).
hus, the stresses that we used (up to 1.5 mPa) were in t
egion and possibly extended into the beginning of the i
ediate region. The stresses were at least an order of m

ude below the ultimate stress for these tendons. Thu
onclude that the changes in ADC were not a result of in
o the tendon.

It has been shown that structural information may be
ained from the behavior of the ADC ast is varied (9, 10). This
act may be understood by noting that the reduction of
iffusion coefficient fromD 0, the bulk fluid value, to ADC

(,D 0) is due to reduction in the mean-squared displaceme
the water molecules as they encounter obstacles to thei
e
n-
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n
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tion. As the diffusion time is increased, the fraction of m
cules that encounter diffusion obstacles also increases. T
fore, the rate at which the ADC changes with respectt
should reflect, albeit indirectly, the structural organizatio
the sample. At long diffusion times, this curve reache
constant value,D eff, as the water molecules have all exp-
enced the same degree of restriction. The value at whic
curve levels out reflects the tortuosity of the sample,D eff 5
D 0/T, whereD 0 is the value of the bulk fluid diffusion coe-
cient andT is the tortuosity. The tortuosity is a measure of
onnectivity of the space available for diffusion in a gi
irection. In tendon,T reflects both the cell membrane perm
bility (in tendons, mostly fibrocytes) and the diffusion in
xtracellular matrix.
Note in Fig. 5 that both ADC' and ADCi for unloaded

tendons become constant at longer times, while the data f
loaded tendons do not. The increase in ADC at largert values
is consistent with the existence of extruded fluid. It shoul
noted, however, that the extruded water signal does not
whelm the signal from the water still interior to the tendon.
effect of the extruded water seems to be that of a con
offset in the ADC value. This is not surprising, since
extruded water signal is not likely to show any diffusion-t
dependence if it is in a bulk phase. It should be noted
because of this lack of diffusion-time dependence for
extruded water, the shape of the ADC versust curve is stil
fully reflective of the water interior to the tendon, at least a
shorter values oft. In addition, the magnitudes of the AD
versust curves for the parallel and perpendicular direct
are, due to the water extrusion, only comparable within
same state, i.e., that magnitudes of ADC' and ADCi are only
comparable for either the loaded or the unloaded condit
but not between different loading conditions.

Because the extruded water is expected to add only a
stant value to the total water ADC, calculation of anisotr
ratios from tendon in the loaded state is not indicative of
the water interior to the tendon, since, as an additive con
the ADC of the extruded water does not divide out when
ratio (ADCi(interior) 1 ADCi(extruded))/(ADC'(interior) 1
ADC'(extruded)) is formed. It was found, however, that
calculated anisotropy ratio decreases only slightly upon
ing. The difference ADCi 2 ADC' for all values oft yields a
value independent of the amount of extruded water sinc
values in both curves should be elevated by the same am
after extrusion.

The rise in the ADC of the loaded samples at largert values
is most likely due to the elimination of one population of wa
molecules with relatively shortT1 values. As the diffusion tim
is increased, the TM period in the stimulated-echo sequen
increased andT1 decay will occur. The signal arising fro
water molecules with relatively shorterT1 values will be pref-
erentially attenuated as the diffusion time is increased.
amount of attenuation due toT1 decay is the same in eith
direction, but differs between unloaded and loaded data
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attenuation inM 0 value betweent 5 21.0 ms andt 5 400 ms
was ;84% for the unloaded cases and;68% for the loade
ase. This shows that at longer diffusion times the sign
eavily weighted toward the water molecules with the lon
1 values and that there are more molecules with longeT1

values in the loaded case.
Looking at the data for the unloaded tendons, it can be

that ADC' becomes constant at a shorter diffusion time
oes ADCi. This implies that the characteristic length scal

the restrictions is smaller in the perpendicular direction tha
the parallel direction. This is consistent with the orien
structure of the tendon and the reduced ADC' versus ADCi for
all diffusion times measured here. It is important to note
structural information is still present even with the contribu
to the measured ADC by the extruded water. It is most ap
ent at diffusion times in the middle of our range, howe
before the signal becomes heavilyT1 dependent.

If the value ofD 0 (the bulk value of tendon water) we
known, the characteristic length scale in each direction c
be estimated through the Einstein relation (^(r 2 r 9) 2& 5 2
Dt, where^(r 2 r 9) 2& is the mean-squared displacement o
ensemble of molecules in one dimension,D is the self-diffu-
ion coefficient, andt is the diffusion time) by equating th
quare root of the mean-squared displacement with the
cteristic length in a given direction and usingD 0 for the
iffusion coefficient. However, even thoughD 0 is not known
n estimate of the ratio of characteristic length scales ca

ound using the ratio of the square roots of the mean-squ
isplacements: (^(r 2 r 9) 2& i/^(r 2 r 9) 2&') 1/ 2 5 (t i/t') 1/ 2 >

(0.05s/0.02 s)1/2 5 1.6. Here we have used the diffusion tim
t which the ADC vst curve becomes constant.
The increase in both ADC' and ADCi for the longes

diffusion times after loading is also consistent with the ide
water transported to a bulk phase. During the period bet
the second and third 90° pulses in the PFG STE sequenT1

decay will occur. This decay will weight the observed signa
the distribution of water molecules having the longestT1

values and, presumably, the fewest restrictions to diffu
This would tend to increase the ADC with increasing diffus
time. This effect would be accentuated in the case of extr
water since the extruded fluid would have aT1 value longe
than that of the fluid still residing in the tendon. Ast increase
the weighting of the signals arising from the tendon water
the extruded water would shift to an increased extruded w
contribution.

Following the application of a load, the ADC increa
along both parallel and perpendicular directions. However
increase was greater in the perpendicular direction (;37%)
than in the parallel direction (;7%) (Fig. 6). We attribute th
o the geometry of the tendon. The greater increase in AD' is
consistent with the idea that, since the water molecule
more restricted in the perpendicular direction, the additio
bulk fluid to this ensemble of water molecules results
proportionally greater change in the measured ADC.
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In transient tests, the ADC changed and the tendons
played creep (elongation) responses. The ADC changed
time constants of 13 and 17 min for loading and unload
respectively. The rate of ADC increase was greatest in
min after loading and then decreased until the load wa
moved at 30 min. Since it is likely that water transport
extruded water are causing the increase in ADC, it is clea
these processes begin within 1 min after loading. We un
took transient, mechanical creep tests in order to deter
whether the ADC might be directly related to an elonga
response. However in similar transient tests, tissue elong
and recovery had quite different time constants, on the ord
4 to 6 min. Furthermore, upon unloading the ADC returne
baseline values while the mechanical response did not. T
results imply that water extrusion is not simply coupled
mechanical deformation of the tendon.

Since we have shown that tendons elongate under the
ditions of this experiment, it is a concern that sample mo
might influence the results. The effect of material stretchin
a diffusion measurement is to reduce the diffusion enco
resulting in a reduction in the observed ADC (23). The mag

itude of any such effect is related to the magnitude of
otion in relation to the time period over which the AD
easurement is made. Several factors argue against a r
otion artifacts in these results. First, material elongation

low, having time constants on the order of minutes. In
rast, the diffusion times were on the order of millisecond
undreds of milliseconds. Further, in order to minimize
ffects of sample motion on these results, the static tests
delay of 15 min between the application of the load and
easurement of the ADC. Thus, it is unlikely that signific
ondiffusional motion occurred in the measurement perio

hese experiments.
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