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Invited Review

Collagen Structure: The Molecular Source of the
Tendon Magic Angle Effect

Gary D. Fullerton, PhD,* and Andrés Rahal, MD

This review of tendon/collagen structure shows that the orien-
tational variation in MRI signals from tendon, which is referred
to as the “magic angle” (MA) effect, is caused by irreducible
separation of charges on the main chain of the collagen mole-
cule. These charges are held apart in a vacuum by stereotactic
restriction of protein folding due in large part to a high concen-
tration of hydroxyproline ring residues in the amino acids of
mammalian collagen. The elevated protein electrostatic energy
is reduced in water by the large dielectric constant of the highly
polar solvent (xk ~ 80). The water molecules serve as dielectric
molecules that are bound by an energy that is nearly equivalent
to the electrostatic energy between the neighboring positive and
negative charge pairs in a vacuum. These highly immobilized
water molecules and secondary molecules in the hydrogen-
bonded water network are confined to the transverse plane of
the tendon. Orientational restriction causes residual dipole cou-
pling, which is directly responsible for the frequency and phase
shifts observed in orientational MRI (OMRI) described by the MA
effect. Reference to a wide range of biophysical measurements
shows that native hydration is a monolayer on collagen h,,, = 1.6
g/g, which divides into two components consisting of primary
hydration on polar surfaces h,, = 0.8 g/g and secondary hydra-
tion hs = 0.8 g/g bridging over hydrophobic surface regions.
Primary hydration further divides into side-chain hydration hy.
= 0.54 g/g and main-chain hydration h,;,. = 0.263 g/g. The
main-chain fraction consists of water that bridges between
charges on the main chain and is responsible for almost all of
the enthalpy of melting AH = 70 J/g-dry mass. Main-chain
water bridges consist of one extremely immobilized Ramachan-
dran water bridge per tripeptide hg, = 0.0658 g/g and one
double water bridge per tripeptide hg,, = 0.1974 g/g, with three
water molecules that are sufficiently slowed to act as the spin-
lattice relaxation sink for the entire tendon.
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THIS REVIEW OF BIOPHYSICAL STUDIES of mamma-
lian tendon extends beyond the MR literature to show
how the molecular structure of the collagen molecule
causes the highly exceptional variation of MR signal
with tendon orientation in the magnetic field that is
referred to as the “magic angle” (MA) effect (1-14). Ten-
don is a unique tissue for elucidating not only orienta-
tional effects but also the molecular sources of MR
contrast in other tissues. The unique “Rosetta stone”
character of tendon relates to four structural factors:

1. The nearly monomolecular composition of tendon,
in which the collagen content approaches 100% of
the total dry mass in some instances.

2. The uniform parallel alignment of collagen mole-
cules along the tendon long axis, which provides
tensile strength for connecting muscles to bones
and forming cables necessary for mechanical mo-
tion of the body.

3. The quasi-crystalline association of collagen mol-
ecules in tendon, which allows the application of
x-ray crystallography methods to both synthetic
collagen crystals and native tendon.

4. Immobilization of the stiff collagen molecule,
which causes dipole-dipole coupling of protons in
the collagen molecule to suppress signal originat-
ing from the protein itself and ensures water-only
MRI signals with relaxation dominated by water
motion.

In this review we summarize the collagen structural
information that has been derived from x-ray diffraction
studies over the past century, embarking from a histor-
ical review of early work by Rich and Crick (15). The
collagen structure provides the molecular model of col-
lagen hydration that is necessary to understand MRI
signal and contrast. Molecular hydration predicts hy-
dration fractions (h(g/g)) in grams of water per gram of
dry mass using the assumption that dry mass is exclu-
sively collagen. Three hydration fractions are identified
with categorical differences in immobilization due to
differences in free energy of water binding. Compari-
sons of model predictions with biophysical studies of
tendon confirm both the size of the water compart-
ments and the categorical changes in water molecule
mobility. Compartmental immobilization of water on
collagen is shown to cause T1 variation with tissue
hydration due to fast exchange between highly immo-
bilized primary hydration on the collagen main chain
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Figure 1. The initial Rich and Crick (15,16) single hydrogen bond per tripeptide (A chain-N4H,4 to B-chain C205) collagen model
was modified by Ramachandran to include two bonds per tripeptide (20). One direct A-chain hydrogen bond per tripeptide and
one water bridge (B chain-NyHs to A-chain C,0,) was necessary to complete the two-bond model proposed by his group. a: The
configuration when B-chain peptide 3 is other than hydroxyproline. b: The configuration when tripeptide includes hydroxypro-
line in position 3. c: The role of the water bridge in transferring charge to reduce the electrostatic free energy due to the high
dielectric constant of water k = 80. In both instances the Ramachandran water bridge hydration hg, = 18 Da/(3 X mean peptide

molecular weight)

= 0.0658 g/g for collagen. Reprinted from Fullerton GD, Nes E, Amurao M, Rahal A, Krasnosselskaia L,

Cameron I. An NMR method to characterize multiple water components on mammalian collagen. Cell Biol Int 2006;30:66-73,

with permission from Elsevier.

with less immobilized surface water fractions. Preferen-
tial orientation of the water electric dipole in the trans-
verse plane of the collagen molecule has been shown to
be the primary cause of orientational T2 /T2* variation,
which is referred to as the MA effect in the MRI litera-
ture. MRI images of tendon demonstrate a correlation
between molecular prediction and image contrast with
extensions to describe pathologies that directly attack
the molecular structure of collagen.

STRUCTURAL X-RAY DIFFRACTION STUDIES OF
COLLAGEN

X-Ray diffraction on crystal lattices of biological mate-
rials, such as tendon and crystalline collagen, were first

Work W, to separate NH+ and CO-
in vacuum is reduced in dielectric water

Stored Electrostatic Energy

@

reported in the 1920s and reviewed in the seminal re-
port by Rich and Crick (15). Tendon was among the
earliest tissue studies using improved methods in the
middle of the 20th century. Sir Francis Crick (who is
better known for his work with James Watson on DNA)
worked on deriving the triple helix structure of collagen.
Rich and Crick (15,16) proposed a triple helix structure
with a single hydrogen bond for every three protein
residues, as shown in Fig. 1. A second group in India
directed by Ramachandran and Kartha (17,18) pro-
posed a second bond per tripeptide group, which re-
sulted in a controversy between proponents of the one-
bond model vs. those who favored the two-bond model.
Ramachandran modified the two-bond model in re-
sponse to criticism from Rich and Crick, who noted that

Figure 2. The partial electron charge on the positive
amide (q; ~ +0.3 g and the negative carbonyl (qz ~
-0.3 g.) are held a distance d apart by conformational
folding restrictions of the protein chain as described by
the well-known Ramachandran plots. When the protein
is immersed in water, the free energy is reduced by a

In air or vacuum

FIZZSU+d

Wr=qq./(4ze)1/r.—1/s.)

factor 1/« (one over the dielectric constant) or approxi-
mately 1/80 due to alignment of water electric dipoles.
The electrostatic energy differential creates a free energy
well that holds the water bound to the protein between
the charged regions, where the enthalpy is AH = Wy -
Wy = 79/80, Wy = 0.988 Wy, and the Gibbs free energy
is AG = AH - TAS. At the melting temperature T}, where

AG = 0, one calculates the change in entropy AS =

In water
Ww = Wl‘/’(= W!/SO
where x = the dielectric constant of water ~ 80

AH/T,, that occurs when water molecules are liberated
from the aligned position on the collagen, causing a
large increase in motional energy. Entropic changes are
almost entirely due to surface water because the colla-
gen molecules are stiff with limited mobility.
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the charge separation was too large to allow the second
hydrogen bond. In 1968 Ramachandran and Chan-
drasekharan (20) proposed the insertion of a water
bridge to resolve the problem (19,21,22). The existence
of water bridges was confirmed by Yee et al. (23) using
tritiated proton exchange experiments, and later by
Burjanadze using phylogenetic comparisons (24). The
hydration for the Ramachandran bridge of one water for
three residues is hg, = 18/(3 - 91.2) = 0.0658 g/g.

Main-Chain Water Bridges

In retrospect, one can see that the formation of water
bridges can be explained by basic electrostatic physics.
As shown in Fig. 2, two oppositely charged particles
separated in space require work of formation stored in
the electric field between them. The energy is calculated
from the work done to move charges from the minimum
energy state in direct contact to the higher-energy state
separated by the distance d. The large separation of the
NH" and CO™ noted by Rich and Crick implies a higher
electrostatic energy. The Rich/Crick direct hydrogen
bond serves as the reference point or lowest energy
state for such a charge pair. The Ramachandran water
bridge bond has large separation d due to the inability
of the protein chain to fold further. When the molecule
is placed in water with a dielectric coefficient of k ~ 80,
the electrostatic energy is reduced by the factor 79/80
to within a few percent of the reference state of the
direct hydrogen bond. This creates a free energy well
that holds the water molecule in place, as shown in Fig.
3. Since the water bridge is intramolecular between
a-chains and locked between the nearest amide and
carbonyl groups, the electric dipole is confined to the
transverse plane relative to the molecular long axis.
High-resolution studies of collagen analogs confirm
that the carbonyl groups of glycine are singly hydrated
(25) in the Ramachandran bridge. The carbonyl groups
on proline residues in the Y position are, however, dou-
bly hydrated to form double water bridges.

Main-Chain Double Water Bridges

The single remaining NH*/OH" in the fundamental
tripeptide structure of collagen is too distant from neg-
atively charged carbonyl groups to form a Ramachand-
ran water bridge. In a vacuum, however, the electro-
static energy of the separated positive amide and
neighboring negative carbonyl groups is even larger
than the Ramachandran bridge due to the increased
separation d. Immersion in water reduces the energy by
insertion of a longer water bridge, which by symmetry
one can predict to be the next longest or a double water
bridge, as shown in Fig. 4. The double water bridge
involves three water molecules with one molecule
bound to the amide and two additional water molecules
attached and branching off to form dendritic paths to
nearby carbonyl groups (26). Thus, four water mole-
cules function as (one) single and (three) double water
molecule bridges between the solvent-accessible
charges on the protein main chain. The water mole-
cules occupy low-energy depressions on the protein
surface induced by charge separation. They are immo-
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bilized relative to bulk water and aligned in the plane
transverse to the axis of the molecule. Water alignment
is transverse to the axis of tendon, since collagen mol-
ecules are coaxial with the tendon axis in the native
state. These predictions are in accord with both bio-
physical measurements and MR relaxation of water on
collagen, as discussed in later sections. The hydration
level for cleft water (single water bridge plus double
water bridge) is h =4 - hg, = 4 - 18/(3 - 91.2) = 0.263
g/8.

Formation of Water Sheaths

The ability of water molecules to provide two positive
charge donor sites and two negative acceptor sites pro-
motes the formation of hydrogen-bonded polar water
networks that cause water to apparently defy gravity by
climbing the wall of hydrophilic beakers. This is due to
the enthalpy of liberation of water AHy;, = 2.29 J/mole-
water = 123.8 J/g-water at 25°C (27). Berendsen (1)
took note of this networking property to propose the
formation of water chains attached to hydrogen-bond-
ing sites along the axis of the collagen molecule, as
shown in Fig. 5. Lim (28) extended Berendsen’s ideas to
propose a model of water in the grooves of the collagen
molecule, which was used to show that water attached
to the main-chain hydrogen bonding sites is filled with
four water molecules per tripeptide or h = 4 X 18/(3 -
91.2) = 0.2632 g/g (29). This conclusion agrees with
the discussion above regarding single and double water
bridges. Using the water network/chain concept that
water nearest neighbors must form chains in any mea-
surement direction, Fullerton and Amurao (30) showed
that monolayer hydration of collagen requires a chain of
18-20 water molecules to circle the molecule. The hy-
dration of native tendon h = 18/3-0.263 g/g = 1.6 g/g
is barely sufficient to provide monolayer coverage of the
solvent-accessible surfaces of the collagen molecule.
Thus, native mammalian tendon is covered by a mono-
layer sheath of water, which agrees closely with recent
high-resolution x-ray diffraction studies of collagen an-
alog molecules, in which high-purity crystals, reduced
molecular complexity, microgravity crystal growth, and
high-intensity synchrotron x-ray irradiation allow suf-
ficient resolution to localize the network of water
bridges (31-36) as shown in Fig. 6.

Polar Side-Chain Hydration

As shown later in the section on solvent-accessible sur-
face area (SASA), there is twice as much polar surface or
charge sites on the side chain of the amino acids of
collagen compared to the main chain. The capacity of
side chains to rotate and bend provides sufficient reori-
entation to reduce the distance d between positive and
negative charge sites when the protein is dehydrated.
This implies a smaller energy differential between the
vacuum (dry) and hydrated states, and very small en-
thalpy of melting for polar side-chain hydration (see
section on thermodynamic properties). The cooperative
linking of water molecules bound to the polar side
chains with water molecules bound to the main chain of
the protein is necessary for the lowest free energy state
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Figure 3. The alignment of the collagen molecule with the direct hydrogen bond described by Rich and Crick (15,16) causes no
change in enthalpy when the molecule is immersed in water, but the large separation, which we estimate as the minimum
separation required for a water molecule, d. = 2.35 A (see Berendsen 1, 2), gives a large change in the enthalpy of melting AH =
W, - Wy, = (k- 1)/xk X W, = 79/80 W,. Bulk water is randomly oriented; however, on the collagen surface it is confined by service
as the molecular dielectric to the plane transverse to the collagen molecule, and as a result of the parallel alignment of the
molecules in tendon, the dipoles are also in the transverse plane for tendon. As shown in Figs. 4 and 5, the dipoles occupy a range
of orientations about the transverse direction and are slightly misaligned from the orthogonal due to the molecular structure and
association of two a1 and one a2 chains. However, the mean orientation in tendon will be orthogonal to the tendon axis due to
averaging over large numbers of fibers with random mixtures of molecular misalignments.

The Bifurcated Double Water Bridge on the Main
Chain of Collagen Using 4-fold h-Bonds of Water

Elevated free energy in vacuum
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Figure 4. The elevated free energy state of the final amide and carbonyl pair on the tripeptide unit of the protein a-chain
following fulfillment of the Rich/Crick direct bond and Ramachandran single water bridge is reduced by completion of a
bifurcated double water bridge. The enthalpy of melting for double water bridges can be estimated by assuming that all three
charges are equidistant with the separation rj, and the same magnitude of partial charge, q = either + or — 0.3 g.. Using this
simplifying assumption, AH = W, - W, = (k - 1)/k; X W, = 79/80 W, =79/80 (W_+ W., + W) =79/80 W asW_ = -W_,,
i.e., work is done to separate opposite charge while equal work is done by the pair of like charges during separation. If we further
assume that s, = 4Aand d, = 2.35 w, then the work per mole of bonding sites is 1281 J/mole, which is equivalent to 427 J /mole
of water because there are three waters for every double water bridge site. This value agrees well with the direct measurements
by differential scanning calorimetry of enthalpy per mass water for bovine and other mammalian tendon, as shown elsewhere
in the text regarding the biophysical properties of tendon.
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Figure 5. The Berendsen (1) water-chain hypothesis assumes that the water network conforms to ice-like spacing adjusted to
room temperature (22°C, as shown at the left) and is useful for calculating geometric relationships for hydrated collagen (30).
Berendsen showed that such a water chain matches perfectly with the spacing of hydrogen bonding sites on the collagen main

chain with a spacing of 0.47 nm between bonds or d. = 0.235 nm

per water molecule chain link. This model was adapted by Lim

(28) to show (drawing on the right adapted from Ref. 28) that there are four water molecules (18 Daltons each) per every three

protein residues (mean = 91.2 Daltons each) or 0.2632 g water/

g collagen for a single chain of water in each groove or cleft of

the collagen triple helix. Reprinted from Fullerton GD, Amurao MR. Evidence that collagen and tendon have monolayer water
coverage in the native state. Cell Biol Int 2006;30:56-65, with permission from Elsevier.

because it minimizes the number of unfilled hydrogen
bonding sites (enthalpic water change) in a manner
similar to that of water on the glass wall of a beaker.
Hydration slowly forces side-chain charges apart with
little change in free energy. The hydration forms weakly
bound intramolecular water bridges between positive
and negative charge sites on neighboring collagen mol-
ecules. (See Ref. 31 for a detailed description of this
hydration network and the section on paradoxical os-
motic properties for energy effects.)

Primary and Secondary Hydration

The monolayer water sheath covering the collagen mol-
ecule surface consists of the most proximal primary

Figure 6. Sequential localization of water mol-
ecules during hydration of the collagen-like
peptide (Pro-Hyp-Gly)s-Pro-Hyp-Ala-(Pro-Hyp-
Gly)s from Ref. 31, as measured by high-reso-
lution x-ray diffraction measurements on high-
purity crystals, shows the formation of the
hydration sheath formed by multiple configu-
rations of water bridges between charge sites
on the peptide surface. Results are typical for
all multiple experiments on a range of collagen
analogs. Reprinted from Bella J, Brodsky B,
Berman HM. Hydration structure of a collagen
peptide. Structure 1995;3:893-906, with per-
mission from Elsevier.

hydration adjacent to polar surfaces and a distal hydra-
tion adjacent to hydrophobic surfaces, as shown in Fig.
7. As demonstrated in the studies of Berisio et al (25),
the first monolayer of water on collagen consists of
nearly half primary hydration and half secondary hy-
dration. The model of native tendon proposes a total
monolayer collagen hydration h = 1.6 g/g, half of which
is associated with polar surfaces h, = 0.8 g/g, and the
other half of which is associated with hydrophobic or
nonpolar surfaces h, = 0.8 g/g. The mean separation
between water molecules and the collagen surface over
polar regions according to Berisio et al's measurement
(see Fig. 7) is 2.7 A, while the separation from nonpolar
surface is 3.6 A or 0.9 A greater. The function of water




350

Water in Polar and Hydrophobic
Hydration for First Monolayer
30

25
20
15
10

Firstshell ~ Polar Peak at 2.7 A *Nearly equal
polar and

nonpolar SASA

*Hydrated
diameter = 12.0
A+27A+36A
=183A

Second shell
Hydrophobic Peak
at3.6 A

5

Number of occurences

0

2.0 2.5 3.0 3.5 4.0 45 50 55 6.0
Distance (A)

Berisio R, et al. Protein Science 2002

Fullerton and Rahal

Collagen Axial Separation as
Function of Hydration by x-ray
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Figure 7. Synchrotron x-ray diffraction measurements of water separation from the collagen surface yield first shell (polar
hydration) and second shell (hydrophobic hydration) water separation from the protein surface (25). There are nearly equal
amounts of polar and hydrophobic surface, which allows estimation of the mean hydrated diameter (18.3 A). The circumferential
water chain thus has a diameter of 15.1 A. This yields an estimate of 20.2 water molecules in the circumferential water chain,
in good agreement with other calculation methods (30). Reprinted from Fullerton GD, Amurao MR. Evidence that collagen and
tendon have monolayer water coverage in the native state. Cell Biol Int 2006;30:56-65, with permission from Elsevier.

as the dielectric to reduce the electrostatic energy im-
plies that polar portions of the surface will be hydrated
first followed by bridge hydration over the hydrophobic
regions when h > 0.8 g/g.

SASA

It is generally thought that one of the primary functions
of protein folding is to reduce the hydrophobic surface
area of the protein exposed to water. This contributes
an entropic term to the energetics of folding as hydro-
phobic surfaces restrict water motion by limiting ac-
ceptable orientations of the water, and thus allowing
formation of hydrogen bonds. Fullerton and Amurao
(80) used the method of Miller et al (37,38) to calculate
the SASA for collagen and demonstrated that a large
fraction of the hydrophobic surface is sequestered for
native collagen, as shown in Table 1. The h;,, is the
theoretically calculated maximum possible hydration
with full extension of the protein molecular chain and
no steric restrictions, and h, is the native water frac-
tion in each component after folding into a-chains and
winding into the triple helix. The hg; is the water dis-
placed by folding or self-association. It is assumed that
all polar surfaces are hydrated except for the portions
on the main chain, where 0.26 g/g are displaced by one
Ramachandran water bridge per tripeptide and one di-
rect hydrogen bond as described by Rich and Crick
(15,16) (see Ref. 30 for details). As shown in Table 1,
83% of the sequestered surface is hydrophobic. In ad-
dition, the native hydration fractions are consistent

Table 1

Calculation of Collagen Solvent Accessible Surface (SAS) Areas
and Relation to Monolayer Hydration Fractions for Polar, Nonpolar,
and Total Coverage

Surface SA Smax(Az) hmax(9/9) hais(9/g) hnal(9/9)
Polar 205218 1.06 0.26 (17%) 0.8 (50%)
Nonpolar 402197 2.07 1.25 (83%) 0.8 (50%)
Total 607416 3.13 1.53 (100%) 1.6 (100%)

Bold indicates directly measured values, while others are calculated.

with the conclusions concerning primary and second-
ary hydration. The hydration of native tendon/collagen
is summarized in Fig. 8.

BIOPHYSICAL PROPERTIES CORRELATE WITH
STRUCTURAL HYDRATION

The clarification of a molecular model of collagen hy-
dration discussed above shows that tendon has mono-
layer water coverage with a network of water bridges
with either direct primary hydrogen bonding to the pro-
tein or a secondary bonding through a primary water
molecule. A wide variety of experiments on tendon and
collagen have confirmed paradoxical water properties
using optical (39,40), isothermic (41), calorimetric
(41,42), NMR orientational (3,4,14), and NMR titration
(43) methods. The molecular model suggests that bio-
physical properties of native tendon are strongly depen-
dent on water content. We selected three types of stud-
ies from the extensive literature to clarify the
predictions and provide the basis for relating NMR re-
laxation properties and MRI contrast of tendon to mo-
lecular properties. The narrowed range includes: 1)

Monolayer Hydration ’
h =1.6g/g

J

[ Primary Hydration

Secondary Hydration
h=0.8 g/g

h=0.8 g/g

Main Chain Side Chain |
h =0.263 g/g h =0.54 g/g )

Water bridge
h =0.0658

.
Double Water Bridge
h=0.1974

Figure 8. Summary of the monolayer hydration compart-
ments of native tendon/collagen.
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Figure 9. Study of the melting of rat tail tendon (45) by differential scanning calorimetry shows that the temperature peak of
melting depends on the level of hydration as described by molecular hydration model predictions. The vertical red lines from the
collagen hydration model added in the present work show agreement with the empirical placement of compartment limits by
Miles and Ghelashvili (45), indicated with black lines. a: The T, = 65.1°C for all hydration levels greater than N > 24, where
the first monolayer coverage h = 1.62 g/g. The melting temperature is a monotonic function of hydration when h > 0.26 g/g or
four water molecules per triplet. Below four, the T,y varies within the shaded range due to formation of steam when water is
released from the collagen (Ty,,x > 100°C) to cause a highly variable pressure volume (PV) enthalpy term related to variability in
capsule expansion and seal effectiveness. b: The enthalpy is a linear function of hydration between 1 and 4 moles of water per
triplet. It is constant in the Ramachandran water bridge region below 1 where enthalpy AH(J/g) = 11.6 J/g, and above 4 where
AH(J/g) = 62 J/g. The slope in the double water bridge (dwb) region (62-11.6)J/g/(0.26-0.065)g/g gives a direct measurement
of the enthalpy contribution of the bound dielectric water AH(J/g-water) = 255 J/g-water, which for comparison is about 75%
of the enthalpy of melting ice water at 0°. e: There is a sharp demarcation in the width of the melting peak at hydration 4
moles/triplet. Above 4 the width reflects the presence of two peaks: the low temperature peak due to side-chain hydration, and
the high temperature peak due to main-chain hydration. The peak narrows as the contribution of main-chain hydration becomes
small relative to the side-chain population. Below hydration 4 moles/triplet, the peak width is highly variable due to variable PV
terms caused by steam. Modified from Miles CA, Ghelashvili M. Polymer-in-a-box mechanism for the thermal stabilization of
collagen molecules in fibers, Biophys J 1999;76:3243-3252, with permission.
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dynamic properties of tendon and collagen as reviewed
and summarized in Ref. 44 is recommended as a start-
ing point for the interested reader. Early studies of the
dependence of the enthalpy of heating on the hydration
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Figure 10. A reevaluation of the BAT data from Ref. 46 shows

level show strong dependence on primary hydration
range and reduced importance for secondary hydration
(41,42). More recent studies by Miles and Ghelashvili
(45) (see Fig. 9) are typical of the studies that demon-
strate the capacity of the molecular hydration model to
predict aspects of biophysical response. The collagen
molecular hydration model is consistent with differen-
tial scanning calorimetry (DSC) measurements of colla-
gen melting. In addition, the conversions of enthalpy of
melting per dry collagen mass to enthalpy of melting per
mass water AH(J/g-water) = 255 J/g-water gives a
value that is in reasonable agreement with AH(J/g-
water) = 470 J/g-water calculated with the simplified
model described in Fig. 4.

Axial Dilation With Hydration

Fullerton and Amurao (30) used a comparison of hydra-
tion-induced tendon diameter expansion as a function

that equatorial expansion of tendon measured by x-ray diffrac-
tion has significantly higher slope in the “primary hydration”
phase, in which water covers polar sites at the initial low
hydration levels, than the much smaller slope in the “second-
ary hydration” range. Primary hydration fills first due to lower
Gibbs free energy, as described above. Secondary hydration
occurs at higher hydration levels and is sometimes referred to
as the “disappearing water fraction” because the apparent
volume occupied by this water is much less than the volume
increase for primary hydration. Secondary hydrations bridge
over hydrophobic regions by hydrogen bonding to primary
hydration water molecules, and settle into the cracks left by
the protruding primary hydration molecules (see Ref. 30 for
details). The regression fit to the bimodal model has a good-
ness of fit r? = 0.992 for 29 values and 26 degrees of freedom.
The change in slope at h ~ 0.8 g/g indicates good agreement
with the monolayer hydration of native tendon. Reprinted from
Fullerton GD, Amurao MR. Evidence that collagen and tendon
have monolayer water coverage in the native state. Cell Bio Int
2006;30:56-65, with permission from Elsevier.
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Hydration Force Shows Short Range
Repulsion Plus Long Range Attraction
Leikin, PNAS (1994)
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Figure 11. In a hydration force experiment on rat tail tendon, Leikin et al (88) applied osmotic compression to collagen by
submersing the tendon in a water solution of inert PEG, which because of the large size of the PEG molecule (MW = 8000Da)
cannot penetrate into the interaxial spaces between the collagen molecules. Exclusion of PEG creates an osmotic pressure. The
concentration of PEG is converted to osmotic pressure (dynes/cm?) using an empirically measured relationship (49) and plotted
on a log scale to encompass pressures over three orders of magnitude. The pressure is plotted as a function of collagen interaxial
spacing calculated from equatorial spacing measured by x-ray diffraction. As shown on the right, when a partial exclusion of salt
is accounted for, a single curve can describe the results at all salt concentrations (88). The results describe repulsion for
separations less than 16.8 A and attraction for larger separations. Since the sum of the diameter of dry collagen 12.1 A (88,89)
and Berendsen double water separation 4.74 A (90) (see Fig. 5) is 16.8 A, the break between attraction and repulsion occurs at
the level of monolayer hydration. Less than monolayer hydration causes repulsion due to the reduced energy of the hydration
sheath (see text for discussion). Collagen at larger separations experiences an attraction that reduces the entropy of dielectric
water bridging between charges by reducing separation between charges. Reprinted from Fullerton GD, Amurao MR. Evidence
that collagen and tendon have monolayer water coverage in the native state. Cell Biol Int 2006;30:56-65, with permission from
Elsevier.

of hydration h(g/g) to prove tendon expansion as pre- evaluation of the data from Ref. 46 on bovine Achilles
dicted from axial molecular separation measurement tendon (BAT), as shown in Fig. 10, shows that approx-
using x-ray diffraction. This extends to native tendon imately half of the native hydration h,, = 1.6 g/g is
hydration to prove that mammalian tendon has only secondary hydration over hydrophobic surfaces hge. =
monolayer surface water coverage. Furthermore, a re- 0.8 g/g, while the remaining half is primary hydration

Monolayer Hydration
N.=6x3=18
h=6x0.263 =1.6 g/g

Figure 12. A cartoon of native tendon (30) demon-
strates several important concepts related to native hy-
dration. Black dots represent c, carbons of the collagen
amino acids, and blue dots represent water molecules.
With N, = 18 parallel water chains: 1) monolayer cover-
age provides nearest neighbors for all water molecules to
maintain four-bond geometry of bulk water; 2) a single
chain of water per groove provides h = 0.263 g/g, while
six chains per groove with h = 1.6 g/g is necessary to
circumscribe the molecule for native tendon hydration;
and 3) monolayer hydration increases the dry axial sep-
aration of 12 A by 2 d. = 4.7 A to a fully hydrated axial
separation 16.7 A, as shown by the hydration force ex-
periment of Leikin (88). Reprinted from Fullerton GD,
Amurao MR. Evidence that collagen and tendon have
monolayer water coverage in the native state. Cell Biol
Int 2006;30:56-65, with permission from Elsevier.

Axial Spacing
d,=12A+47A=167A
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Figure 13. a: Normalized Raman spectroscopy factors of relative peak intensity and spectral shift for the OH bands and NH peak
half width plotted on the same normalized scale on collagen as a function of hydration h(g/g) as measured by interaxial spacing.
The parameters were linearly scaled by Leikin et al (39) to be zero in bulk water (for the NH half-width a hydrogen/deuterium
exchange experiment, the value was zero), and 1.0 refers to the sample that contains the least amount of water. b: Intermolecular
hydration force measurements for the same samples. Both data sets show distinct changes in slope at the interaxial spacing
predicted for filling all polar bonding sites, h = 0.8 g/g. Separation at this hydration would be 12.1 A (dry collagen diameter) plus
2.35 A (half the monolayer hydration or the single effective water diameter described by Berendsen (1)) equals 14.45 A. The
optical measures confirm bonding to the OH and NH groups, while the expansion confirms that water causes the changes. The
vertical lines were added in the present work to highlight the breakpoint at the border between primary and secondary hydration
predicted by the hydration model. Modified from Leiken S, Parsegian VA, Yang W, Walrafen GE. Raman spectral evidence for
hydration forces between collagen triple helices. Proc Natl Acad Sci USA 1997;94:11312-11317, with permission of National

Academy of Sciences, USA.

covering both main- and side-chain polar surfaces h,
= 0.8 g/g. This agrees with the division of primary and
secondary hydration on collagen analogs measured di-
rectly with high-resolution x-ray diffraction (25).

Paradoxical Osmotic Properties of First
Monolayer Water

Comparisons of the water content of tendon %H,0 =
1.6/(1 + 1.6) = 61.6% shows that the water content is
consistent with the water content of cells without the
presence of a membrane or a pump mechanism to
maintain the water content. Water on tendon has
paradoxical properties similar to those reported for
cellular water (47,48). On collagen, the high water
content is due to hydration of positive and negative
charges held apart by the limited conformational free-
dom of the protein main chain. The reduced activity of
surface water is best studied with hydration force
experiments using mechanical or osmotic compres-
sion with a large, nonpenetrating cosolute, such as
20 kDa polyethylene-glycol (PEG) (49). Hydration
force experiments show that collagen interfacial wa-
ter has reduced free energy relative to bulk water, but
can be removed by the application of osmotic stress
or mechanical stress (39,50-53), as shown in Fig. 11.
These measurements confirm that large repulsive
forces hold collagen molecules apart separated by two
layers of water between molecules. Figure 12 shows
that monolayer water coverage of the tendon has
fourfold hydrogen bonding typical of bulk water while
also networking to all hydrophilic sites of the protein
structure.

Optical Evidence of Water Bonding to NH and CO

Early optical evidence of water attachment to NH and
CO groups on collagen was first summarized in the

monograph on collagen edited by Ramachandran
(54). It was shown by dichroic measurements that NH
and CO bonds are essentially perpendicular to the
tendon axis (40), confirming the orientational conclu-
sions of Figs. 3 and 4. The results of a Raman spec-
trum study of OH and NH bond vibrational bands (39)
confirm that water is bonding to these groups, as
shown in Fig. 13, and that the perturbation is great-
est for h < 0.8 g/g, where direct primary hydration
occurs but continues with less influence over the
secondary hydration range between h = 0.8-1.6 g/g,
where water bridges between primary hydration wa-
ter molecules. Leikin (39) used the relative intensity
of the OH bands to calculate the binding energy of
tightly bound water relative to bulk water. He esti-
mated 1 kcal/mole, which compared well with his
direct osmotic work measurement of 60 cal/cm?®.
Converting both values to units of J/g-water gives an
optical estimate of 232 J/g and an osmotic work
measurement of 251 J/g, both of which compare well
with the 255 J/g calculated earlier from the DSC
measurement by Miles and Ghelashvili (45). All three
values agree with the estimated electrostatic energy
calculation of Fig. 4 and lend further support to the
conclusions derived from the molecular hydration
model.

Mechanical Properties of Tendon and Hydration

The biomechanical or rheological characteristics of
tendon require extension beyond molecular charac-
teristics of collagen to include the hierarchy of struc-
tural categories shown in Fig. 14. Although the bio-
mechanical response of tendon has an important
dependence on the entire hierarchy of structural re-
lationships (55), a subset is directly related to colla-
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gen hydration properties. As shown in Fig. 15, when
tendon is subjected to stress (force/area) it will
stretch with a strain (Al/l) that is nonlinear with
stress. However, the toe and heel regions are com-
pletely eliminated when the water is removed (56). MR
measures of apparent diffusion coefficient (ADC) of
water on tendon while in the linear region show that
water has an increased ADC relative to tendon in the
resting state (57). Water was extruded from the ten-
don during these experiments, which clearly explains
the reports of water loss from both static and cyclical
load of tendons and ligaments (58,59). Early experi-
ments by Elden (60) also showed that one can change
the slope of the linear region by exchanging isopro-
panol for water as the polar solvent dielectric. The
mechanical response of native tendon is in large part
determined by the energetics of the removal of water
from the hydrophilic surfaces of the collagen mole-

Figure 14. This diagram shows the hierarchi-
cal structure of tendon proceeding from the
molecular collagen to formation of fibrils, fi-
bers, and fascicles to tendon units. This illus-
trates the many levels of organization that we
can ignore in some experiments due to the high
concentration of collagen. Mechanical proper-
ties depend more on the macrostructure that is
visible in this example of a scanning electron
micrograph of rat tail tendon showing fascicle
units (asterisks) that make up the tendon. Re-
printed from Silver FH, Freeman JW, Seehra
GP. Collagen self-assembly and the develop-
ment of tendon mechanical properties. J Bio-
mech 2003;36:1529-1553, with permission
from Elsevier.

cule, as described by the hydration model. Mechani-
cal properties are modulated by age and diabetes by
cross-linking collagen (56) through enzymatic and
nonenzymatic covalent bonding mechanisms that af-
fect water content.

MR RELAXATION DEPENDENCE ON
STRUCTURAL HYDRATION

T1—Spin Lattice Relaxation

The molecular model of collagen hydration allows one to
test the collagen hydration model and provides a mol-
ecule with which to validate the NMR titration method
for evaluating the hydration of less well characterized
proteins or complex tissue mixtures. Zimmerman and
Brittin (61) showed that fast exchange of protons be-
tween water fractions could explain the variation of T1
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stress

Figure 15. Initially, small stress on tendon
causes a large increment in strain = Al/], in
the toe region due to the elimination of wave-
like crimps (a). The slope increase in the heel
region as the gap region is stretched (b), while
in the linear region (i-ii) the collagen molecule
is stretched (92) and water oozes from the ten-
don. Removal of hydration prior to experiment
causes shrinkage and complete elimination of
the toe and heel regions, resulting in a linear
stress-strain relationship and increased slope
(93). Reprinted from Puxkandl R, Zizak I, Paris
O, et al. Viscoelastic properties of collagen:
synchrotron radiation investigations and
structural model. Philos Trans R Soc Lond B
Biol Sci 2002;357:191-197, with permission. a

with concentration of water on a silica gel. Fullerton
and colleagues (62) used these concepts to develop an
NMR titration method to identify and characterize water
compartments on hydrated proteins, but they lacked a
molecular model with which to validate the measure-
ment method. More recently, this group applied the
method to the study of bovine tendon (43) with the
assumption that the dry mass was equivalent to the
collagen mass. These experiments, done at 10 MHz,
provide adequate separation of compartmental relax-
ation rates to validate the collagen hydration model, as
shown in Fig. 16. The peak in spin-lattice relaxation
rate at h = 0.263 g/g shows that the relaxation sink for
the entire water/collagen system is primary hydration
of polar sites on the protein main chain. The remainder
of the curve is less emphatic proof of the collagen hy-
dration model.

T2—Spin-Spin Relaxation

Berendsen (1) was the first to notice the large orienta-
tional dependence of the T2 relaxation time on tendon.
Fullerton et al (3) cautioned that this dependence could
cause a factor of 6 variation in the spin-echo signal in
clinical MRI. Attempts to explain variation by multi-
component relaxation using exchange models are use-
ful but inconclusive due to the lack of a molecular
model, and dependence on critical experimental factors
in the pulse sequences (4-6,63). The group led by
Navon used a double-quantum technique to study fiber
orientation in tendon and confirm anisotropy of resid-
ual dipole coupling due to bound water on the collagen
(64-67). Other groups used MR diffusion measure-
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ments to demonstrate water self-diffusion anisotropy
on tendon (57,68). Wellen et al (68) showed that water
was freed from the tendon under stress to increase both
the axial and transverse ADC. The change in ADC with
orientation was related to greater tortuosity in the axial
direction relative to the more open paths along the ten-
don axis. Fechete et al (69) identified two diffusion com-
ponents, with the slow fraction accounting for approx-
imately 25% of the water, and the fast component
accounting for 75%. These observations are consistent
with the collagen hydration model and geometry. Kras-
nosselskaia et al (14) used orientational analysis of the
free induction decay (FID) of the 'H NMR water signal of
bovine tendon to show that residual dipole coupling
causes a 6:1 variation in signal intensity with orienta-
tion. As shown in Fig. 17, the orientational dependence
is primarily due to dipole coupling, while the smaller
orientationally independent water fraction is disor-
dered water associated with cross-links in the gap re-
gion between collagen molecules. Multiexponential de-
cay is thought to be due to fast exchange between the
larger orientationally restricted water compartment
(geometrically 89% of total volume) and the smaller
disordered water fraction in the gaps (geometrically
11%). The ratio of these volumes 0.54D/(5 X 0.46D +
4 X 0.54D) = 12.4% is close to the measured ratio of
1/6 = 16%.

MR Image Contrast Dependence on Structural
Hydration

The imaging experiments of Rahal et al (70) demon-
strate the structural source of MR orientational con-
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Figure 16. Zonal analysis of the T1 relaxation rate vs. the
reciprocal of hydration 1/h as predicted by the collagen hy-
dration model confirms both the hydration limits of the com-
partments as well as motional slowing of water compartments
in the first monolayer (43). A multisegment nonlinear least-
squares regression fit (R = 0.9916) for N = 74 measurements
over the entire range of hydration from native to completely dry
protein residue demonstrates the capacity of the collagen hy-
dration model to describe spin lattice relaxation of tendon. a:
The entire range of experiments. b: Data from zone 3. ¢: Data
from zone 2. Each zone is identified as a range of hydrations by
the collagen model as follows: zone 1: h > 1.584 g water/g dry
mass; zone 2: 1.584 g/g > h > 0.264 g/g; zone 3: 0.264 > h >
0.0658 g/g; and zone 4: h < 0.0658 g/g. Reprinted from
Fullerton GD, Nes E, Amurao M, Rahal A, Krasnosselskaia L,
Cameron I. NMR method to characterize multiple water com-
partments on mammalian collagen. Cell Biol Int 2006;30:66—
73, with permission from Elsevier.

trast variation most graphically. These images of bovine
tendon samples aligned either with the magnetic field
or at the MA 55° relative to By demonstrate the six-fold
higher intensity of signal at the MA, as shown in Fig. 18.

Fullerton and Rahal

CLINICAL APPLICATIONS OF THE MA EFFECT

The molecular characteristics of the collagen-water in-
teractions described above are responsible for the very
low signal intensity that originates from highly oriented
collagenous tissues when fibers are parallel to the mag-
netic field. Signal from these tissues is even lower than
free-water signal in T1-weighted sequences. The grad-
ual increase of signal intensity on changing orientation
to a peak at the MA is secondary to a gradual loss of
dipolar interactions of water molecules that become
“visible” near the MA and result in a net increase of
T2/T2*. This is a characteristic of highly oriented col-
lagenous tissue and is not observed in focal lesions that
replace or disrupt collagen. Figure 18 demonstrates the
MA effect on samples of bovine tendon, and the plots in
Fig. 19 are measured signal intensity in tendon at in-
creasing angles to By.

In pathologic conditions, there is loss of organized
collagen structure, with focal increased free fluid, mu-
cinous vacuoles, cellular debris, and fibrin, and disor-
ganization of orientation of collagen fibers. These sub-
stances will not follow the signal characteristics of
collagen and will demonstrate higher signal than nor-
mal collagen on all MRI sequences when parallel to B.
The MA phenomenon also explains why signal from
organized collagen at the MA is usually higher than
signal from pathologic conditions in MRI sequences
that are sensitive to the MA effect.

The musculoskeletal imaging literature deals with
the MA phenomenon in different ways. Most authors
consider the increased signal from tendon as an artifact
that may simulate tendinosis. Others have tried to in-
corporate the effect into techniques that may aid in
depicting the normal anatomy, identifying early tendi-
nous pathology, and detecting contrast enhancement.

Bright Tendinosis Lesions Have a Molecular
Collagen Source

A number of clinical studies have demonstrated in-
creased signal intensity in tendon secondary to chronic
tendinosis (71-75). The molecular description of the
process involves two factors. Most superconducting MR
imagers have magnetic fields parallel to the table and
the patient’s body axis. Normal tendons are black when
parallel to the magnetic field. Tendon injury or degen-
eration causes the release of matrix-metalloproteinases
(MMPs) or collagenases used by the body to break down
damaged collagen and allow restructuring of the extra-
cellular matrix during damage cleanup and repair. The
regions under repair lack normal collagen structure
and become disordered. Such lesions are bright on the
black background of normal tendon, as shown by Rahal
et al in Figure 18 (70). The resultant lesions are a result
of clipping and destruction of the collagen molecular
structure.

Increased Signal by Imaging at the MA

Different methods have been used to enhance ana-
tomic depiction of tendons and/or improve detection
of disease processes. The increased signal in tendon
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Figure 17. Measured orientation dependence of the FID
amplitude for bovine tendon is plotted with signal in the
real channel (dash-dot line), imaginary channel (dotted
line), and absolute value (solid line). The absolute value
shows the 6:1 variation with orientation, while the real
and imaginary components show phase shift caused by
residual dipole coupling (780-Hz shift). The small orien-
tationally independent fraction is consistent with the
size of the molecular gap region. Measured frequency
and phase shifts are consistent with bulk susceptibility
effect due to the geometry of the cavity (see Ref. 14 for
details). Reprinted from Krasnosselskaia L, Fullerton
GD, Dodd SJ, Cameron IL. Water in tendon: Orienta-
tional analysis of the free induction decay. Magn Reson
Med 2005;54:280-288, with permission from Wiley-
Liss, Inc., a subsidiary of John Wiley & Sons Inc.

FID amplitude/ a.u.

at the MA has been used purposely in different set-
tings (7-10,76) to improve visualization of tendinous
structures, detect contrast enhancement in tendino-
sis, and depict digital tendon anatomy. These clinical
techniques rely on the structural integrity of normal
collagen in the tendon to eliminate dipole-dipole cou-
pling when the molecule is aligned at 55°. They are
limited to the few structures that can be repositioned
in the MRI bore, such as the Achilles, patellar, and
digital tendons.
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Increased Tendon SNR and CNR Using Very Short
TE

With the use of gradient-echo (GRE) sequences that
employ the lowest TE values available in clinical sys-
tems (as low as 1-2 msec with modern gradient sys-
tems), it is possible to detect signal from tendon and
other structures with short T2/T2*. This clinical
method endeavors to minimize the effects of dipole-
dipole coupling of water molecules on collagen by re-

55°to Bo

Parallel to Bo

Control
tendon,
injected with
Figure 18. In vitro MR images of bovine deep flexor denatured
tendon suspended in PBS by Rahal and colleagues (70) Collagenase.
demonstrate a six-fold increase in signal intensity be-
tween (a) parallel to By and (b) at the MA of 55°. e:
Injection of 0.2 mL of collagenase in the center of the
tendon causes enzymatic digestion of the collagen mo-
lecular structure (see arrows). The suppression of MR
signal at the parallel orientation is eliminated in the
digested region, where the molecular structure is dis-
rupted causing a bright signal from the lesion. d: All
water is visible at the MA, but the lesion becomes dark
with slight decrease in signal due to increased T1 result-
ing from increased water content. This increase is Tendon
caused by osmotic influx due to the increased number of injected with
small molecular fragments. Injections of 0.2 mL of dis- activated
tilled water, saline, or inactivated collagenase (heated to Collagenase.
90°C to denature the protein) caused no visible lesion,
and were all identical to the denatured collagenase con-

trol images shown at the top (alternatives not shown for
clarity). The influence of active collagenase on image
contrast simulates clinical observations of tendinosis-
like lesions.
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Tendon Signal versus Orientation Angle
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Figure 19. Plots of MR signal intensity measured for ROIs centered on human tendon images as a function of orientation show
the same orientational dependence as the in vitro results shown in Fig. 16. a: Li and Mirowitz (84) showed that CSE, FSE, and
GRE have similar orientational variation in signal intensity for tendon at different orientations from By due to the collagen. b:
Bydder (7) showed increased signal in tendon at angles >20° from By, which peaks at 55°. Note that the signal does not decrease
to baseline at 90° due to the proximity of the next MA peak at 125.3° (180° minus 54.7°). Reprinted from Bydder GM. New
approaches to magnetic resonance imaging of intervertebral discs, tendons, ligaments, and menisci. Spine 2002;27:1264-1268,
with permission of Lippincott, Williams & Wilkins and Li T, Mirowitz SA. Manifestation of magic angle phenomenon: comparative
study on effects of varying echo time and tendon orientation among various MR sequences. J Magn Reson Imaging 2003;21:
741-744, with permission from Wiley-Liss, Inc., a subsidiary of John Wiley & Sons Inc.

trieving the signal before excessive T2* decay reduces
the signal below the limit of useful contrast. The
method has been used alone as well as in combination
with positioning at or near the MA (12).

Highest SNR and CNR at Parallel Orientation
Using Ultrashort TE (UTE) Imaging

UTE imaging methods use gradient sequences that
read out the FID immediately after the RF pulse to
detect signal from structures with very short T2/T2%,
such as tendon, using TEs on the order of 50-100 msec
(12,77). This technique is clinically the most promising
because it produces high signal in tendon without the
need to position the structure of interest at the MA. It
has proven useful for detecting contrast enhancement
in tendon, cartilage, ligaments, enthesis, and cortical
bone. However, this technique remains sensitive to in-
creased signal at the MA in the same way as traditional
MRI sequences (7,8,12,13,77).

Orientational Artifacts Reduced by Careful
Positioning

The 600% contrast variation with a change of orienta-
tion of only 55° leads to great potential for misinterpret-
ing “orientational artifacts” as lesions. Multiple articles
have commented on the increased intensity of tendons
when oriented close to the MA as a pitfall in musculo-
skeletal imaging. This increased signal is expected in
specific locations secondary to the anatomic orientation
in the body that places them close to the MA. Examples
include the supraspinatus and infraspinatus tendons
close to the humeral attachment (78), the proximal as-
pect of the patellar tendon (75,79), and the peroneal
tendons below the level of the ankle (80). Specific atten-
tion is recommended by these authors to correct posi-
tioning of patients during MRI in a way that prevents
these specific tendons from being oriented close to the
MA. Recent MRI protocols avoid the previously recom-
mended 10-15° of flexion and external rotation for knee
MRI (75), and traditional protocols for ankle/foot imag-

ing recommend about 20° plantar flexion for avoiding
the MA in peroneal and other ankle tendons (80-82).

An important observation is that increased signal in-
tensity in tendon due to the MA effect peaks at 55°;
however, signal increases gradually from angles as low
as 20°. The signal intensity does not return to baseline
at 90° because of averaging of the two Lorentzian MA
peaks at 54.7° and 125.3° (180° minus 54.7°), as ob-
served in Figs. 17 and 19. Figure 18 shows that the
orientational variation of signal in tendon by MRI is
identical to that obtained by NMR in Fig. 17. This
means that signal is increased from baseline in all ten-
dons that are not oriented within +20° to By. The in-
creased signal of normal tendon at the MA in clinical
imaging is shown in Fig. 20.

MRI Protocols to Reduce the Risk of MA Artifacts

Clinical protocols have also tried to eliminate the MA
effect in tendons that are not parallel to By given the
sometimes difficult positioning of body parts. The MA
effect is less intense or absent in sequences with longer
TE. Critical TE values were defined as 37 msec for T1-
and PD-weighted sequences in experimental work on
explanted bovine tendon by Peh and Chan (83). Similar
work on explanted tendon by Li and Mirowitz (84)
showed critical TE values of 40, 70, and 30 msec on
conventional spin-echo (CSE), fast spin-echo (FSE),
and GRE techniques, respectively. One clinical study
by Zurlo et al (85) showed that larger flip angles de-
crease the MA effect in GRE sequences especially at TE
<30 ms, and a decreased MA effect is observed with a
flip angle of 70° as compared to 20°.

Correlation of MRI Sequences to Limit the Artifact
Error Rate

The finding of increased signal intensity in tendon on
sequences with low TE (T1-weighted, PD-weighted, or
GRE sequences) is only considered significant by some
authors if the increased signal is found concurrently in
long-TE sequences (i.e., T2-weighted sequences with or
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Figure 20. This clinical study adapted from Wang et al (80) shows the difficulty of identifying orientational effects on tendon
when viewed with (a) axial vs. (b) sagittal slices. These T1-weighted MR images demonstrate normal peroneus brevis (short arrow)
and peroneus longus (long arrow) tendons descending posterior to the lateral malleolus (F). The peroneus brevis tendon is mildly
crescentic in configuration on the axial image. ¢: The axial T1-weighted MR image obtained with the patient’s ankle in
dorsiflexion shows MA phenomenon on the peroneus brevis tendon with increased signal intensity (short arrow), a finding that
simulates disease. On an axial image obtained with the ankle at about 20° plantar flexion (not shown), the tendon had normal
low signal intensity. The long arrow indicates the peroneus longus tendon, C = calcaneus. Careful reference to magnetic field
direction is important when considering image contrast in all planes. Adapted from Wang X-T, Rosenberg ZS, Mechlin MB,
Schweitzer ME. Normal variants and diseases of the peroneal tendons and superior peroneal retinaculum: MR imaging features.

Radiographics 2005;25:587-602.

without fat suppression) (80,86,87). Otherwise, they
consider the finding nonspecific and probably due to
the MA effect.

Importance of Tendon Orientation When Reading
Alternative Views

The complexity of remaining aware of magnetic field
orientation relative to collagen orientation in joints, lig-

Figure 21. Clinical example of tendinosis shows black tendon
due to short T2* when the tendon is aligned parallel to By, with
a bright lesion where the alignment of water molecules per-
pendicular to the tendon axis is destroyed by collagen diges-
tion. The T1-weighted sagittal image of the knee shows in-
creased signal intensity and increased diameter (white arrow)
in the patellar tendon of a long-distance runner with a clinical
diagnosis of tendinosis. The mechanism of increased signal
intensity is related to disruption of collagen integrity by colla-
genases (MMPs) in the degeneration and renewal process seen
in tendinosis. Adapted from Shalaby M, Almekinders LC. Pa-
tellar tendinitis: the significance of magnetic resonance imag-
ing findings. Am J Sports Med 1999;27:345-349, with permis-
sion from Sage Publications Inc.

aments, and tendons is shown in Fig. 20. Imaging at the
MA improves visualization of tendinous structures, but
changes when structures such as the Achilles, patellar,
and digital tendons are repositioned in the MRI bore.
The reader must remain aware of these effects even
when switching from axial to sagittal, coronal, or even
random plane orientation through the same structures.
A clinical example of loss of the MA effect in a tendino-
sis-like lesion is shown in Fig. 21.

CONCLUSIONS

The preferential orientation of the electric dipole of the
water molecule in the tendon transverse plane causes
orientational MRI (OMRI) behavior, i.e., the MA effect. The
polarization of the water molecules reduces the electro-
static energy in fields generated between adjacent positive
amide and negative carbonyl groups on the main chain of
the collagen molecule to form the energy well that binds
water to the protein. The positive and negative partial
electron charges on the protein are caused by the excep-
tional electronegative character of the nitrogen and oxy-
gen atoms that are covalently bound in the protein mole-
cule. Anisotropic rotation of the bound water molecules
causes accumulation of phase shift due to dipole coupling
between the hydrogen nuclei (protons) on the water mol-
ecule. Orientation of tendons at the MA 54.7° relative to
By reduces the dipole coupling to zero, which causes all
water-related protons to resonate at the same frequency
and increases the effective T2/T2*. A growing body of
clinical literature demonstrates that although OMRI can
be an annoying source of MA artifact, it also has potential
to provide a useful new contrast mechanism, especially
for studies of the extracellular matrix. This is especially
attractive when one considers the widespread distribu-
tion of collagen in the body, and that nearly one-third of
human protein comes from this single family of triple
helix molecules.
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