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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
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INTRODUCTION

mechanically loaded. For example, when cartilage is con
pressed, there is movement of water through the solid matrix
the cartilage 1). The fluid resistance associated with this wate
movement through tortuous paths in the solid matrix creates
viscous component in the load response. In addition, the sta
material properties of soft tissues loaded in tension are strong
influenced by changes in tissue hydratid+%). It is also
known that the viscoelastic properties of tissues are changed
hydration 6).

While an important role for water is suggested by the abov
studies, there have been experimental obstacles to study
water content or water movement in tissues. For example tl
water content of a sample can be measured by weighing
while wet and again after drying it in an over)(However, a
fundamental problem with this method is that it is destructive
only one observation can be obtained from each sample.

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

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

Diffusion in the presence of barriers or “restricted diffusion”
is determined by the relative magnitudes of the diffusiol
length,l, and the size of the space available for diffusion, th
structure length], (8). The diffusion length is the average
distance that molecules can diffuse in a given diffusion time

There is considerable evidence that the water containedljn= (ADC X t)"? wheret is the diffusion time. Whet, <

biological soft tissue structures plays an important role

i, a majority of molecules will not have diffused far enough tc

determining the way those materials respond when they a&gerience restrictions imposed by the barriers. However, a:
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is increased, an increasing number of molecules will have their
motion restricted and the measured ADC will be reduced from
D,, the diffusion coefficient of the bulk fluid. In this regime,
the ADC can reflect average measures of the barrier spacing,
such as the ratio of the medium’s surface-area to voludhe (
For the case of, > |, molecules have fully experienced the
restricted diffusion space and now the measured ADC reflects
the connectivity of the diffusion species in the mediubd)(

The barrier spacings to which PFG NMR experiments are
sensitive are therefore determined Ry For example, if the
barrier spacing id, the diffusion time must be such that a
majority of water molecules have diffused that far during the
measurement in order that the effect of the barriers is fully
reflected in the measured ADC. The diffusion times used in
these experiments ranged from 6.5 to 148.5 ms. The largest
ADC measured in these experiments was<140 ° cm?/s, so

barrier spacings less than Am were not detectable. The FIG. 2. Apparatus for measuring the effect of tendon orientation on the
) ADC. The tendon (T) is held in a Lucite tube (P) with suture material (S). Th

majority of the _dlf_fusmg water mOIGCUI_eS WOUI_d have e_XPerFendon is held under tension by the spring (SP). The tube can be rotated ab

enced the restrictions due to such barriers during the miniMuykA shaft (R) to change the orientation in the magnet. A Helmholtz RF coil (C

6.5-ms diffusion time. While the ADC is sensitive to packingair was used with this apparatus.

at the >1-um level, it may nonetheless be influenced by

changes in the packing beyond its resolution limit, e.g., at the

fibrillar level. For example, increasing the closeness of packing METHODS

at the fibrillar level could cause water to be displaced to

another location, such as a bulk phase, outside the tendbn,Tendon Preparation

where it experiences different barriers to diffusion. If such a

e e e ool v, J3) New Zealand e rabis o rr sx. st o

ADG. If it can be sr;own that packing does not change signi hitiating the experiment, rabblts_ were euthanized vy|th a

icantiy (i.e., by an order of magnitude) at the micrometer lev verdose O.f Ngmbutal, and_ AChII.leS tendons were dissect

then cha.n(:;’es in the ADC can be used to make inferences ag‘r’ortn the_hindlimbs. The .dlssect|on was dqn_e n a close

water transport associated with tensile loading Hhmber that was maintained at 100% hum|d|ty,_|n order t
: prevent dehydration of the tendons. The gross Achilles tendo

were removed from each leg; each was divided longitudinall

into three individual tendons. Each individual tendon was tie

at its ends with No. 0 surgical thread that was used to mou

the tendon in the apparatus. The tendons were then stored

paraffin oil until used. All tendons were studied within 3.5 h of

harvesting.

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

Studies were conducted using Achilles tendons from youn

Tendgn

2. Apparatus

ADC measurements were made using the apparatus sho
in Fig. 1. Tendons were mounted vertically, normal to the
FIG. 1. Experimental apparatus for the ADC measurements. The tendor]ﬁagnet bore in a section of Lucite tubing with 5.3-mm insid

held in e} paraffin-oil-fillgd plastic'tul')e, mounted in the bore of Fhe magngﬁameter_ The tubing was filled with paraffin oil to prevent
perpendicular to the main magnetic field, and attached to the applied load with

suture material that is led outside the magnet over pulleys. The load is appl g@don dehydratlon' The RF coil was a nine-turn solenoid th

outside the magnet. The solenoid RF coil is placed around the outside of faNformed to the outside of the tubing. When mounted in th
plastic tube. apparatus, the tendon extended approximately 6 mm beyo
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TABLE 1
Summary of the Pulse Sequences Used in Different Experimental Paradigms
Experimental paradigm Measurement Sequence(s)
Static loading—PBS-stored tendon Load/no load PG SE
Static loading—Fresh tendon Diffusion-time dependence of ADC; Shortt Longt
load/no load
PG SE PG STE
Transient loading—Fresh tendon ADC PG STE

Change of orientation

Note.The parameters used in each pulse sequence are listed in Table 2.

the top and bottom ends of the RF coil. One end of the tendmal-shift selective pulses for paraffin-oil-signal suppressio
was tied to the bottom of the apparatus. The string on the t@dl). The frequency separation between the water and paraf
end of the tendon was led, over a pulley system, to the outsi@sonances was 312.5 Hz. The orientation, load, loading-tirr
of the magnet. The tendon was loaded in tension by hangiagd diffusion-time dependence of the ADC were determine
masses on the string, exterior to the magnet. Masses of apprfox-measurements made both parallel and perpendicular to t
imately 0.04, 0.5, and 1.0 kg were used, resulting in tensileng axis of the tendons.

loads of 0.4, 5, and 10 N, respectively. a. Effect of static tensile loading and diffusion timélhe

In experiments designed to test for the dependence of fig.ct of tensile loading on the ADC was measured usin
ADC on the orientation of the sample in the magnet, a secoggdsarate methods in the preliminary and the final experimen
apparatus was used (Fig. 2). In this apparatus, the tendon \ase initial experiments, load-related effects on ADC wers
mounted in a closed plastic tube filled with paraffin oil. They,gied using tendons stored in PBN (& 30). In these
tendon was held by surgical thread that was anchored at %%FEJeriments, the ADC was first measured with the tensile lo
end and held under tension (0.4 N) by a spring arrangementgf ot . 4 N, a load sufficient to prevent slack in the tendon. Tt
the other end. The orientation of the sample in the magnghsiie load was then changed to 5 N, followed by 10 N, an
could be changed by rotating the tube 90°. Thus, the long a%i% returned to 0.4 N. Each time the load was changed, |
of the tube (and the tendon) could be either normal or parallgli, \vere collected for at least 10 min, in order to allow th
to the main magnetic field3,. The RF coil was a 15-mm- yisq e to reach a steady state. In the final static-loading exp
diameter Helmholtz coil that was concentric with the axis C?Fnents, freshly isolated tendons were ushid< 10), and two
rotation of the tube. The tube rotated in the plane of theyels of static loading (0.4 and 5 N) were used. In the finz
Helmholtz coil. experiments, the effects of static loading and diffusion time
were studied together, in order to determine any potenti
interaction between those two variables. Fresh tendons we

All NMR measurements were made using a GE CSlI-Il 2 0laced in the magnet using the apparatus shown in Fig. 1. Pu
T/45 cm imaging spectrometer operating at 85.56 MHz faequences and NMR parameters used in the above experime
protons and equipped wittt20 G/cm self-shielded gradients.are described in Tables 1 and 2.
The ADC of tendon—water protons was measured spectroscopversion-recovery and Hahn spin-echo methods were us
ically using two pulse sequences: either a pulsed-field-gradi¢at measure thelr, and T, of several samples in order to
spin-echo (PFG SE) or a stimulated-echo (PFG STE) sequedetermine the repetition and echo times. Typical values for tt
(Tables 1 and 2). Each pulse sequence included 1:3:3:1 chegelaxation times werd, = 475 ms andl, = 35 ms.

3. ADC Measurements

TABLE 2
Summary of NMR Parameters Used in the Pulse Sequences Shown in Table 1
Gradient strength TE TR ) t Tensile
Experiment (G/cm) (ms) (ms) (ms) No. of avgs (ms) loads
1 PBS-stored tendon—Static load 1-15 120 1000 6 2 80 0.4,5,1
2 Fresh tendon—Static load 3-15 25 1000 6 2 10-20 0.4,5
3 Fresh tendon—Static load 3-15 25 1000 6 4 50-150 04,5
4 Fresh tendon—Transient load 3-18 25 1750 6 4 80 0.4,5

Change of orientation 100 0.4
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b. We performed creep tests in order to determine the tra
sient mechanical behavior of the tendons under conditior
similar to those used in the NMR experiments. The magnitudt
of applied loads and the duration of their application wer
identical to the values used in the NMR experiments. Fres
tendons were stretched using the linear actuator; force was t

FIG. 3. Apparatus for uniaxial material testing of tendons. The tendon (ontrolled variable. Thus, just as in the experiments in th
is maintained in a paraffin oil bath (B). Itis held by two clamps (C). One clamgagnet, the force was fixed while displacement varied durin
is connected to the linear actuator (S) Fhrough a linear variable different'l.ﬂe trial. Displacements were recorded during a 30-min perio
transformer (LVDT). The second clamp is coupled to a load cell (L). . . . .

during which a 5-N load was applied, and during a subseque
30-min recovery period, in which the applied load was 0.4 N
fLO was measured as the length of the tendon between t

b. Effect of transient loading. The transient response o . L
S ) clamps at zero load; the increments in displacement measul
the ADC was measured by recording it before, during ﬂ}? P P

L . . L uring the test were converted to strains using a Lagrangi:
application of, and while recovering from the application of & rmulation 13
5-N tensile load. Upon securing the tendon to the apparatus, ‘
five measures of ADC were mad.e with a 0.4-N load. The loagd glectron Microscopy
was then switchedt5 N for 30 min. The ADC was measured _ _
each minute for 5 min and then at 5-min intervals thereafter. Four tendons were fixed with 2.5% glutaraldehyde unde
After 30 min, the load was switched back to 0.4 N for 30 midoaded or unloaded conditions. Two tendons were fixed whil
The ADC was measured perpendicular and parallel to tH&der 10.2-N tensile load and two were fixed while unloade

tendon long axis with a PFG STE pulse sequence (Table$014-N load). The tendons were maintained under tension in i
and 2). fixative for 4 h. Tendons were then embedded in plastic ar

c. Effect of tissue orientation.Eresh tendons were tin sections were cut transverse to the long axis of the tend

mounted in the apparatus shown in Fig. 2. With the samplllé?ng a diamoﬁd I_<nife. The resglting sections were visualize
perpendicular t@,, the ADC was measured in directions botfy/SINg & transmission electron microscope and photographec
perpendicular and parallel t8,. The specimen was then40'000<'_ The resulting photographs were scanned and an
rotated 90° (to position the long axis of the tendon parallel {X?ed using N_IH I_mage sc_)ftv_var_e (ver. 1.55). ".1 order to o_let_er
B,), and the same sequence was repeated. All ADC measJpiae the distributions of fibril diameters, the sizes of all fibrils

were made using the same pulse sequence as in the tran%{ﬁ? measured_ (excluding those that were only partially visibl
tests (above). ecause they intercepted the edges of the photographs).

order to measure interfibrillar space, the area of all fibril
(including those that intercepted the edges) was determin
and subtracted from the total area of the photograph.

In separate experiments, not utilizing NMR, tendons were
studied in a tensile loading apparatus (Fig. 3) in which the RESULTS
mechanical responses to loading could be determined under
conditions similar to those used in the NMR experiments. This ADC Measures
apparatus has been described in detail elsewhEe Two
mechanical testing paradigms were used:

4. Mechanical Testing

a. ADC values in unloaded tendonsTable 3 summarizes
the ADC values measured (at= 80.0 ms)under unloaded

a. In order to determine whether the loads we used caudBeft-N tensile load) conditions from all experiments (i.e., or
physiologically relevant stresses, we characterized the streBgth fresh and PBS tendons). The ADC showed marked dire
strain relationship for tendons using loads identical to tho§enal anisotropy: it was significantly greater along the lon
employed in the NMR experiments. Tendons were secured(@rallel) axis of the tendon than along its short (perpendicula
clamps (C) coupled to a linear actuator and a load cell (L). RXis. The mean anisotropy ratio (mean AlX@ean ADC)
this device, the tendon was held horizontally; the bathirtas 1.5 for PBS-stored tendon and 2.8 for fresh tendon. Stc
material for the tendon was paraffin oil. The temperature of tigge in PBS increased the ADC significantly, by 230% in th
oil bath (B) was kept at 18°C, the same as the temperati@rallel direction, and by 436% in the perpendicular directior
measured inside the magnet. A microscope was mounted abovie. Effect of tensile loading and diffusion time on static ADC
the tendon so that its diameter and thus its cross-sectional arales. Static tensile loading caused an increase in the AD
could be measured optically. Stresses were calculated from theboth fresh and PBS-stored tendons (Figs. 4 and 5). Tl
applied loads and the cross-sectional area. Strains were ddtesrease was observed along both parallel and perpendicu
mined by measuring the displacements of small markers fixdilections. The relationship between the ADC and the magn
on the tendon surface. tude of the applied load was tested in PBS-stored tendons (F
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TABLE 3 differ between loading and unloading conditions. The transiel
Tendon-Water ADC as Measured along Directions Parallel and  response was not measured in PBS-stored tendons.
Perpendicular to Tendon Long Axis, for both Fresh and PBS- d. Effects of tendon orientation on ADCThe effect of
Stored Tendons tendon orientation in the magnet was studied in four fres

Fresh tendons PBS tendons tendons, using the apparatus shown in Fig. 2. First, the AD
was measured along both directions while the long axis of tf
Parallel Perpendicular Parallel Perpendiculatendon was perpendicular #,. Then the tube holding the

tendon was rotated, so that the long axis of the tendon wi

,\R/Iaeg?]e 4'6?_78'3 1'204_4'1 1(1);54:119'4 ig’;ls'l oriented parallel td,. The ADC was again measured along
N 18 o4 30 30 both directions. The resulting values of ADC along the lon
SEM 0.2 0.2 0.6 0.7 and short axes of the tendons are shown in Fig. 7. Changi

orientation had little effect on the ADC along the perpendiculs
Note. All ADC values arex10° cm?s. The diffusion time for all of the direction of the tendon (3.5 versus 3< 10°° szls). How

measurements was 80 ms. ever, the ADC values along the parallel direction of the ter

dons were significantly different (78 0.4 versus 5.6 0.6 X

: . , 107° cm’/s, P = 0.024).
4). The ADC increased with increasing load and returned

toward control with unloading; however, the ADC did nop. Mechanical Testing

recover to initial values even after recovery times of up to ] ) ) )

0.5 h. The significance of the effect of loading on the measured! "€ Mechanical testing experiments were done in order

ADC was tested using a repeated-measures ANOVA and Wﬂ_ﬁs_crlbe the mechanlgal behavior of ten_dons under conditio

specific pairwise comparisons between group means. THENIar to those used in the NMR experiments.

ANOVA revealed that the effect of loading was highly signif- a. Length—force tests.We wanted to determine whether

icant (P < 0.0001). Pairwise comparisons between groughe loads we used in the NMR experiments caused stresses

means were made within the perpendicular and parallel grodp§ physiological range. The relationship between length ar

to determine which individual group means differed from eadRrce was measured in four PBS-stored tendons. Data from o

other. The only significant pairwise comparison was betweé&@presentative tendon are shown in Fig. 8. Application of

0.4- and 10-N perpendicular group8 € 0.01). 10-N load caused stresses in the range of 1.5 MPa. Tl
The effect of Varying diffusion time was tested using fresnonlinear Shape of the stress—strain curve indicates that stres

tendons (Fig. 5). Initially, the ADC decreased with longesed in these experiments are at the lower (physiological) el

diffusion times; however, the ADC began again to increase @kthe stress—strain functior14).

t was increased further. The anisotropy ratio calculated fromb. Creep tests. We wanted to determine whether the time

the mean ADC at each diffusion time ranged from 2.3 (urconstants of creep and recovery were similar to the tim

loaded,t = 8.5 ms) to 2.1 (unloaded,= 148.5 ms) and 1.8

(loaded,t = 8.5 ms) to 1.7 (loaded, = 148.5ms). E3 - perpendicular
c. Transient effect of tensile loadingThe transient re- 20 - parallel

sponse of the ADC to a 5-N tensile load was studied in 10 fresh
tendons; the results are shown in Fig. 6. The ADC increased

along both the parallel and the perpendicular directions during z 15 -
the period that the load was applied. The mean value of thé“E
increase was greater along the perpendicular directionX6.8 o~

10°° cm?s) than along the parallel direction (3.8 10°° 2 104
cm’/s). The magnitude of the load-induced change was-com =
parable to that seen in the static-loading experiments (e.g., seé?

Fig. 5). The significance of changes in the ADC was evaluated 5
using repeated-measures ANOVA by comparing the five val-

ues recorded prior to load application to the three values
recorded between 20 and 30 min following load application, o
when the ADC change had reached a relatively steady state.

The percentage increases along both directions were highly Static Tensile Load [N]

significant P < 0.001).
gTh b QT te ADC ) both di fi dtob l FIG. 4. ADC, and ADG values in PBS-stored rabbit Achilles tendons
e absolute in DO Iréctions recovered to base ”ﬂlﬁder static tensile loads. The diffusion time for these datatwas80 ms.

upon unloading (Fig. 6). The changes in ADC had a mean timgads were presented in the sequence denoted along the horizontal axis.
constant of approximately 15 min. The time constants did nator bars are- SEM, N = 30.

C




222 HAN ET AL.

18 - —&— - parallel, oaded DISCUSSION
—=— - parallel, unloaded
16 —&— - perpendicular, loaded

—o— - perpendicular. unloaded The changes in ADC that we observed are interpreted

— 144 terms of a water-transport phenomenon. In our model, tensi
I loading causes extrusion of water from the inside of the tendc
§ 127 % + —3 to a bulk phase along the outside surface of the tendon. Tl
°<3 10 water in the bulk phase has a high ADC and is consistent wi
- § 3 —3 the increase in ADC that we observed with loading. Ou
2 1 { interpretation is consistent with a general model of the beha
< 6 }\}%—{/‘[’/ ior of fluids in soft tissues under load, since it has been shov
o k{»\J i PR that fluid is extruded from cartilage when it is loaded in
b T I compression ). Here we show evidence for similar (i.e.,
24 . , , . | , [ ,  load—evoked) water transport, in the more general case of

0 20 40 60 80 100 120 140 160 goft tissue structure loaded in tension.
t {ms] Our findings are all based on spectroscopic measuremel

e _ . made from whole tendons, i.e., including the tendon, its shea
FIG.5. Effect of diffusion time and loading upon ADC of tendon water in

fresh rabbit Achilles tendons. Diffusion was measured both parallel ar?(pd the space along the outside surface. Because of the |

perpendicular to the major axis of the tendon. Data denoted as “loaded” had¥@ter content and shoft, of tendon (5) we chose to collect
applied load of 5 N. Error bars are SEM, N = 10. signals from the entire tendon. It should be recognized, hov

ever, that there are a number of limitations associated with tt

method. For example, while we believe that water movement
constants of the changes that we observed in ADC in the NMRe main effect of loading, it is not directly measured with thi:
experiments. Creep tests were done on five fresh tendons. Dagthod. Experiments done using imaging or experiments
from a single representative tendon are shown in Fig. 9. Upasich the extruded fluid is removed) would allow a more
application of a tensile load, the tissue elongated. The longésect measure of a transport phenomenon. Also, since whc
time constants of the elongatiohl (= 5) and recoveryl = tissue spectroscopy aggregates measures from all comps
4) processes had values between 4 and 6 min. The mean tingnts of the structure, most notably the tendon and any e
constants for elongation and recovery were not significantly
different. Recovery was never complete within the time course

of the experiments; each tendon showed evidence of residual 60— Load Unload
strain at the end of the recovery period. The residual strain had
a mean magnitudeN = 4) of 0.17. 50 o~ - perpendicular

Creep tests on PBS-stored tendons were conducted with the —e— - paraliel

tissue under paraffin oil, so that conditions would be similar ta 407
those of the NMR experiments. The tendons were observed 20
visually during these tests. During one test, extruded quicﬁ
accumulated in the form of a drop such that it was observabl‘é7 20
. L
(Fig. 10). O
®
10—
3. Electron Microscopic Measures of Fibril Size and
Spacing 0
Analysis of fibril size and spacing was done using one image 10 | , T |
from each of the four tendons fixed while unloaded and the 0 20 40 60
four fixed under load. Examples of sections taken from loaded time [min]

and unloaded tendons are shown in Fig. 11. The number of , _ _
. . _ . . . FIG. 6. Transient response of ADC caused by tensile loading of fres|
fibrils and th_e diameters of flbfllSI W_ere_ determined m_ deflne’rgbbit Achilles tendonsN = 10, error bars arec SEM). Data for each tendon
areas of the images. The mean fibril size was determined frQi&}e expressed as a percentage of control; the graph shows the mean of tt
measures of approximately 1000 fibrils; mean fibril diamet@ercentages across 10 tendons. The points marked “load” and “unload” re
(N = 988) was0.14 + 0.0038um in unloaded and 0.13  resent the application and removal points of a 5-N tensile load. The signif
0.0003um (N = 1114) inloaded tendons. Although Sma“’(t:)amce of changﬁs i]r: the A|DC was e\éalgatgd usinlg rzpeatcid-measureﬁ AI:O
. . I . . by comparing the five values recorded prior to load application to the thre
the difference was hlghly S|gn|f|car_1t F 3.64; df = 2100; values recorded between 20 and 30 min following load application, when tt
P = 0.0003). Thespace between fibers was 0.37 of the totalpc change had reached a relatively steady state. The increases along &

area in control tendons and 0.40 in tensile-loaded tendons.directions were highly significanf(< 0.001).



ADC CHANGES IN RABBIT ACHILLES TENDON UNDER TENSILE LOAD 223

8 ) 1.50 — °
(3 - vertical /
[ - horizontal /
/
_ /
. /

7 ° [ /
“e o 1.00 —

G 0.
© E

o 4- ~

x ®

ke L [}

Q = /

[a] » 050 o

< 2+ //

— ///
///
O > ‘//// -
parallet I perpendicular l 0.00 T : 1 i ! \
Direction of ADC measurement 0.00 0.01 0.02 0.03 0.04 0.05
Strain

FIG. 7. Dependence of the ADC of rabbit Achilles tendon water= 4) . . . ;
on tendon orientation in the magnet. Data were acquired with the apparatu§!C- 8. Stress—strain curve for a PBS-stored rabbit Achilles tendon, usin
shown in Fig. 2. The diffusion time was 80 ms. Tendon long axis and tendéds up to 10 N. Application of a 10-N load caused stresses in the range of -
short axis refer to the ADC measured along the parallel axis and the perp_M‘Ea' The nonllne_ar shape of the stress—stral_n curve indicates that stresses
dicular axis of the tendon, respectively. The error bars A8EM. ADC, 1N the NMR experiments are at the low (physiological) end of the stress—stra

values were statistically differenP(= 0.024)while the ADC, values were function.
not.

possible that different populations of spins would be remove

t different orientations. In addition, the tendon ed by He
truded fluid, it is impossible to quantify the magnitude of fluid, rientations " S Usec by Hel

. o L ) elman et al. were not surrounded by fluid. The resultin
extrusion. An additional limitation is that the method is onl y 9

licable i . ts in which extruded wat lass—air sample interfaces would result in a larger suscep
applicable in experiments in which extruded water can ac fity difference than in our experiment.

mulate stably along the outside of the tendon. It would not beIn the experiments in which we rotated both the specime

su!table_: (for example) in am vivo experiment where extrUdeand the fields, we found that there was no statistically signi
fluid might be transported away from the tendon sheath. De-

. : : iIcant difference in ADC between the two orientations (Fig. 4).
spite these shortcomings, the spectroscopic measure allow lvever the ADC values along the parallel direction of th
fast measurements, allowing us to follow the response in ’

$hd differed significantlyR = 0.024) bet the t
loading-time domain with 60 s resolution. ons differed significantlyd ) between the two

The findi f anisotroic diffusi f water in rabbit Achil orientations. While it is unclear why different results were
€ finding ot anisotropic difiusion ot water in rabbit AChI- i ainey for the parallel and perpendicular directions witl

les 'Fend_on in_the present experiment conflic_ts with t_he ﬁnd"}gspect toB,, these results demonstrate that a consistent ol
of ditfusional isotropy by Henkelmaet al. (17) in experiments entation of the tendon in the magnet is important when con

on botvme A:Acthlllt(afffter_]dor:_. n C?ngrlson,Hwe;olun:hsrrorparing ADC values for different directions. Since the gradien
anisotropy. At a diffusion ime of 19.9 ms, fenkeimanal. -, yo sample direction, was varied in the present experimen

—6 2
found an ADC value of 13'? 1'.5 x 10 cm Is al_ong . changing magnetic susceptibility patterns should not affect o
perpendicular and parallel directions. This value is larger th Sults

our measurement of the parallel direction ADC in fresh tendon
9.6 + 0.4 X 10°° cm’/s (mean+ SEM, N = 9).

One possible explanation for the difference between the 0.20+
above results is that in the experiments of Henkeleizal. the
sample, not the gradient direction, was rotated to measure the
ADC in perpendicular directions. The strong orientation of the
sample fibrils may cause an angular dependence of magnetic
susceptibility patterns, resulting in a similar ADC value in each
perpendicular direction. In Henkelman’s work, tfig relax
ation time was found to vary as the angle between the long axis 0.00
of the tendon and the direction Bf, was changed from 0 to 55 0 {0 20 30 40 50 60
to 90° in agreement with the trend and values observed by Time (min)

Fullerton et al. (18). Since T, is known to be sensitive to i i
. . . . . . _FIG. 9. Tendon elongation and recovery observed during a creep test
suscept|b|llty gradients in tissue, this could affect the dlﬁusm{?fresh rabbit Achilles tendon bathed in paraffin oil. The applied load was 5 |

measurements since spin populations with sfigt would be  (the stress was 0.8 MPa). At the end of the recovery phase of the test there \
removed for the value of TE used in these experiments. Itdsesidual strain of 0.12.

0.15

0.104

Strain

0.05
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also the tendon structure) and thus reduce the barriers
diffusion. The results of the present experiments suggest that
water content is an important factor in determining a tissue'’
material properties, the use of freshly isolated, paraffin-oi
stored material is preferable to the PBS-stored samples that
commonly used in the study of gross tissue mechari€s (
The large variation in values of ADC between tendons that |
seen in Table 3 is of unknown origin. Potential contributor:
would be the use of different tendons from different animal
and differing amounts of water lost during preparation an
mounting in the apparatus.

The ADC increased with applied load. On the one hand, th
could be the result of decreasing the packing of the structur
components of the tendons. Electron microscopic observatio
showed that area between fibrils was slightly greater (37% \

FIG. 10. Photographs showing the extrusion of bulk water from a PBS-
stored rabbit Achilles tendon under a 1-MPa tensile stress @o&@® N). Top:
0 min. Middle: 5 min after application of load. Bottom: 13 min after applica-
tion of load.

The anisotropy differences between the parallel and perpen-
dicular directions can be accounted for in terms of the tendon’s
structural anisotropy. The collagen component of the solid
matrix offers fewer barriers to diffusion along the parallel
direction, while the diffusion path along the direction orthog-
onal to the fiber orientation is significantly more restricted (see
Fig. 11).

The measured ADC values in Table 3 were greater in PBS-
soaked tendons than in fresh tendons. This reflects swelling of
the PBS-stored tendons, since 300 mOsM PBS is hypo-osmotic
and results in greater tendon water content. This osmotic
swelling would presumably increase the distance between bar-

B

; .,..Q... .;‘:.l

riers to diffusion and, therefore, increase the ADC. The effectric. 11. Representative transmission electron micrographs of unloade
of this can be seen by comparing Figs. 4 and 5. The AD@&) and loaded (B) rabbit Achilles tendons. Applied load was 10 N. The
values in each direction are higher for the PBS-soaked tendgpgirast of the micrographs has been changed so that fibrils are black while-
and the effect of loading is relatively smaller on their akead)y_ackground is white. Length marker: Ouén. Mean fibril diameter was 0.14

elevated ADC values. Freezing (which was used with trfel

m (N = 988) in themicrograph of the unloaded tendon and O (N =
13) in themicrograph of the loaded tendon. The difference was highly

PBS-stored tendons) might also increase the ADC since iggnificant @ < 0.001). Thespace between fibers was 0.37 of the total arez
crystal formation may disrupt cell membranes (and perhajsontrol 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. Wen. As the diffusion time is increased, the fraction of mole:
have estimated the increase in ADC measured in the perpeuales that encounter diffusion obstacles also increases. The
dicular direction that would be caused by this decrease fore, the rate at which the ADC changes with respect to
packing. We assumed that the space available for diffusishould reflect, albeit indirectly, the structural organization o
between fibrils is roughly cylindrical. Using the expressiothe sample. At long diffusion times, this curve reaches
derived in Sderman and ‘Jwsson 20) for signal attenuation constant valueD., as the water molecules have all experi
for the case of diffusion perpendicular to the long axis of thenced the same degree of restriction. The value at which t
tendon, we find roughly a 9% increase in the perpendiculaurve levels out reflects the tortuosity of the samjilg; =
ADC in response to the observed increase in area betweenEhéT, whereD, is the value of the bulk fluid diffusion coef
fibrils. Even though electron micrographs sample a very smétlient andT is the tortuosity. The tortuosity is a measure of the
region of tendon, making it possible that the results may not bennectivity of the space available for diffusion in a giver
representative of the packing in all regions of the tendon, thigrection. In tendonT reflects both the cell membrane perme-
increase appears to be too small to account for the obseradility (in tendons, mostly fibrocytes) and the diffusion in the
changes in the ADC with loading. Because of this, we favor thextracellular matrix.
interpretation that loading causes water extrusion from theNote in Fig. 5 that both ADC and ADG for unloaded
tendon, with the accumulation of water in a bulk phase alortgndons become constant at longer times, while the data for t
the outside surface of the tendon. Since the NMR measuremie@ded tendons do not. The increase in ADC at latgexlues
aggregates both the bulk and the tendon water phases, itheonsistent with the existence of extruded fluid. It should b
result of an extrusion process would be an increase in the ADtted, however, that the extruded water signal does not ove
This extruded water is included in the ADC measurementghelm the signal from the water still interior to the tendon. The
since this water is confined to the tendon surface by tleéfect of the extruded water seems to be that of a consts
paraffin-oil bath. This interpretation is supported by the obsesffset in the ADC value. This is not surprising, since the
vation, in one experiment, of bulk extruded fluid outside thextruded water signal is not likely to show any diffusion-time
tendon. Also in support of this interpretation is the fact that thdependence if it is in a bulk phase. It should be noted the
ADC increased with load over the range of measured diffusitiecause of this lack of diffusion-time dependence for th
times. extruded water, the shape of the ADC versusurve is still
As bulk water, the extruded fluid would have a diffusiorully reflective of the water interior to the tendon, at least at thi
coefficient of~1.9 X 10~° cm’/s (based upon the temperatureshorter values of. In addition, the magnitudes of the ADC
at which the experiment was performed), much greater than trersust curves for the parallel and perpendicular direction:
ADC of the water interior to the tendon. Bursteh al. (16) are, due to the water extrusion, only comparable within th
showed a decrease in water ADC value when cartilage wssme state, i.e., that magnitudes of AD&@nd ADG are only
loaded in compression. However, our results are not necessamparable for either the loaded or the unloaded condition
ily in conflict with their findings since they removed thebut not between different loading conditions.
extruded fluid before measuring the ADC. In the present set ofBecause the extruded water is expected to add only a cc
experiments, the spatial distribution of ADC values was natant value to the total water ADC, calculation of anisotrop
measured and, therefore, if a similar drop in ADC does occratios from tendon in the loaded state is not indicative of onl
in tendon, it is somewhat masked by the signal from thie water interior to the tendon, since, as an additive conste
extruded water. the ADC of the extruded water does not divide out when th
The stress—strain curve for tendon has a nonlinear toe regratio (ADC(interior) + ADC (extruded))/(ADC (interior) +
at low stresses, a linear region at intermediate stresses, amD&C | (extruded)) is formed. It was found, however, that the
failure region at high stressed4). The ultimate strength of calculated anisotropy ratio decreases only slightly upon loa
Achilles tendons in rabbits of this age is 20—60 MR&,(22. ing. The difference AD¢C— ADC, for all values oft yields a
Thus, the stresses that we used (up to 1.5 mPa) were in thevakie independent of the amount of extruded water since tl
region and possibly extended into the beginning of the interalues in both curves should be elevated by the same amol
mediate region. The stresses were at least an order of magfiier extrusion.
tude below the ultimate stress for these tendons. Thus weThe rise in the ADC of the loaded samples at largeslues
conclude that the changes in ADC were not a result of injurg most likely due to the elimination of one population of wate
to the tendon. molecules with relatively shoift; values. As the diffusion time
It has been shown that structural information may be oks increased, the TM period in the stimulated-echo sequence
tained from the behavior of the ADC &ss varied 0, 10. This increased and’; decay will occur. The signal arising from
fact may be understood by noting that the reduction of tlveater molecules with relatively short&x values will be pref
diffusion coefficient fromD,, the bulk fluid value, to ADC erentially attenuated as the diffusion time is increased. Tt
(<D,) is due to reduction in the mean-squared displacementarhount of attenuation due f©, decay is the same in either
the water molecules as they encounter obstacles to their mdoection, but differs between unloaded and loaded data. Tl
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attenuation irM, value between = 21.0 ms and = 400 ms In transient tests, the ADC changed and the tendons di
was ~84% for the unloaded cases an®8% for the loaded played creep (elongation) responses. The ADC changed w
case. This shows that at longer diffusion times the signaltisme constants of 13 and 17 min for loading and unloading
heavily weighted toward the water molecules with the longestspectively. The rate of ADC increase was greatest in the
T, values and that there are more molecules with longer min after loading and then decreased until the load was r
values in the loaded case. moved at 30 min. Since it is likely that water transport anc
Looking at the data for the unloaded tendons, it can be seextruded water are causing the increase in ADC, it is clear th
that ADC, becomes constant at a shorter diffusion time thahese processes begin within 1 min after loading. We unde
does ADG. This implies that the characteristic length scale dbok transient, mechanical creep tests in order to determi
the restrictions is smaller in the perpendicular direction than whether the ADC might be directly related to an elongatiol
the parallel direction. This is consistent with the orientedesponse. However in similar transient tests, tissue elongati
structure of the tendon and the reduced AD@rsus ADGfor and recovery had quite different time constants, on the order
all diffusion times measured here. It is important to note thdtto 6 min. Furthermore, upon unloading the ADC returned t
structural information is still present even with the contributiobaseline values while the mechanical response did not. The
to the measured ADC by the extruded water. It is most appaesults imply that water extrusion is not simply coupled tc
ent at diffusion times in the middle of our range, howevemechanical deformation of the tendon.
before the signal becomes heavily dependent. Since we have shown that tendons elongate under the cc
If the value ofD, (the bulk value of tendon water) wereditions of this experiment, it is a concern that sample motio
known, the characteristic length scale in each direction couttight influence the results. The effect of material stretching o
be estimated through the Einstein relatidfr (— r’)? = 2 a diffusion measurement is to reduce the diffusion encodin:
Dt, where{(r — r’)?) is the mean-squared displacement of aresulting in a reduction in the observed ADZ3). The mag-
ensemble of molecules in one dimensi@njs the self-diffu- nitude of any such effect is related to the magnitude of th
sion coefficient, and is the diffusion time) by equating the motion in relation to the time period over which the ADC
square root of the mean-squared displacement with the chaeasurement is made. Several factors argue against a role
acteristic length in a given direction and usiiy, for the motion artifacts in these results. First, material elongation we
diffusion coefficient. However, even thoudh, is not known, slow, having time constants on the order of minutes. In cor
an estimate of the ratio of characteristic length scales can tb@st, the diffusion times were on the order of milliseconds t
found using the ratio of the square roots of the mean-squataehdreds of milliseconds. Further, in order to minimize th

displacements:((r — r’)*)/{(r — r)® )¥? = (t/t.)¥? = effects of sample motion on these results, the static tests us
(0.05s/0.02 sY* = 1.6. Here we have used the diffusion times delay of 15 min between the application of the load and tF
at which the ADC vd curve becomes constant. measurement of the ADC. Thus, it is unlikely that significant

The increase in both ADC and ADG for the longest nondiffusional motion occurred in the measurement period «
diffusion times after loading is also consistent with the idea tifiese experiments.
water transported to a bulk phase. During the period between
the second and third 90° pulses in the PFG STE sequénce, ACKNOWLEDGMENTS
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