Nuclear Magnetic Resonance Imaging of the Vitreous Body

Abstract. Imaging with proton nuclear magnetic resonance is a valuable new tool
for studying the vitreous body of the eye. It is particularly suited for the detection of
vitreal liquefaction and intraocular hemorrhage because of the dependence of the
signal on the physical environment of water. Conversely, the vitreous body provides
a new model for studying changes in proton relaxation times of protein solutions in

biological systems.

Imaging with proton nuclear magnetic
resonance (NMR) is a new method of
clinical examination. Intrinsic differ-
ences in proton relaxation times among
tissues allow excellent contrast in imag-
ing normal structures and highly sensi-
tive detection of pathological states. Sig-
nificant biological application of NMR
techniques is less than 15 years old (/).
Most studies have centered on isolated
intact tissue or whole cells, particularly
cancer cells (2). These are complicated
biological systems, and the conflicting
interpretations of the results have re-
flected this complexity (3). Even with
simple protein solutions there are numer-
ous opinions as to the reason for altered
relaxation mechanisms (4). The vitreous
body of the eye provides a new model in
which changes in the relaxation time of
water protons, and therefore changes in
image brightness, are due to the phase
change from a gel to a liquid that accom-
panies collagen degradation and not to
changes in the concentrations of constit-
uents. A clear distinction between nor-
mal and pathological states can thus be
established.

The vitreous body, a transparent con-
nective tissue occupying the major por-
tion of the mammalian eye, is composed
of water (98 percent) and hyaluronic acid
polymers interspersed in a mesh of colla-
gen fibrils (5). In the young human eye
the vitreous body is normally a gel (6).
However, it may change to a liquid dur-
ing normal aging and in a number of
pathological processes, including retini-
tis pigmentosa, myopia, retinal tears,
trauma, connective tissue disorders, and
diabetes (7). Associated changes that
may lead to blindness include hemor-
rhage into the posterior portion of the
eye and retinal detachment (8). It has
been difficult to assess the contributions
of the vitreous body to such conditions
because of its transparence. The present
study was undertaken to determine the
ability of NMR imaging to detect patho-
logical changes in the vitreous body.

To simulate liquefaction, an enucleat-
ed bovine eye was injected with 0.2 cm®
of a solution of collagenase (400 U/cm’)
prepared in Mg?*- and Ca®*-free phos-
phate-buffered saline and incubated at
room temperature. The eye was exam-
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ined by NMR imaging immediately after
the injection and 12 hours later. To simu-
late intraocular hemorrhage, a second
eye was injected posterior to the lens
with 0.2 cm?® of fresh human blood and
imaged immediately, and a third eye was
similarly injected and imaged after 12
hours. The NMR images were obtained
with a small-bore (8-cm) superconduct-
ing magnet operating at a magnetic field
strength of 1.44 T, corresponding to a
proton resonance frequency of 61.4
MHz. The selective excitation technique
was used for plane selection, and a par-
tial saturation pulse sequence with spin-
echo data acquisition (30-msec delay)

Fig. 1. Progressive saturation (1200/30 msec)
image of a bovine eye 12 hours after injection
with 0.2 cm? of a solution of collagenase (400
U/cm?). Note the bright area at the posterior
pole. This area of enhanced relaxation
(shorter T,) was absent immediately after
injection. The anterior chamber, iris, lens,
vitreous body, orbital fat, and muscle are
clearly differentiated. The optic nerve is out
of the image plane.

was employed. The 90° to 90° interpulse
delay ranged from 300 msec to 8 sec-
onds, corresponding to imaging times of
0.8 to 15 minutes. Slice thickness was 3
mm with approximately 0.5 mm in-plane
spatial resolution.

The images obtained at a pulse interval
of 1.2 seconds are shown in Figs. 1 and
2. The images provide a detailed view of
various ocular tissues, including the
lens, sclera, iris, fat, muscle, optic
nerve, and vitreous body. Contrasts in
the vitreous body were not apparent at a
90° to 90° interpulse delay of 300 msec.
Maximum visual contrast was observed
at the 1200-msec delay time shown.

The basic difference between vitreous
gel and vitreous liquid is that the latter
does not have collagen fibrils (9). Treat-
ing vitreous gel with collagenase pro-
duces a liquid rheologically similar to
that found in the vitreous body in various
pathological states (10). The liquefied
portion of the vitreous body in Fig. 1
appears brighter than the surrounding
normal gel. The calculated proton longi-
tudinal relaxation time (7T,) (/1) of water
in vitreous liquid (1590 msec) was mark-
edly shorter than that of water in vit-
reous gel (1820 msec). Control eyes in-
jected with normal saline and collage-
nase-treated eyes scanned immediately
showed no variations in signal across the
vitreous body. Thus the changes seen in
Fig. 1—from a normal to a pathological
state in the vitreous body—were due to
the liquefaction produced by collagenase
activity rather than a change in water
content.

In the eyes injected with blood (Fig. 2)
the limits of infiltration were clearly de-
lineated. The increased signal intensity
of the old blood implies a shortening of
T,. The reason for this enhancement of
longitudinal relaxation is almost certain-
ly related to clotting. Unlike other meth-
ods of imaging or examining the eye,
areas posterior to the blood could still be

Fig. 2. (A) Eye inject-
ed with human blood
and imaged within a
few minutes. Two
pockets of blood are
seen as dark areas
(the largest directly
behind the lens), indi-
cating that T, is long-
er for fresh blood than
for the vitreous body.
The point of entry of
the needle can be
seen at the sclera to-

ward the top of the picture. (B) Eye injected with human blood and imaged after 12 hours. The
T, is now much shorter than that of the vitreous body, suggesting a conformational change in
proteins. There is no signal from the small air bubbles at the top of the picture because of the
absence of protons. The optic nerve can be seen posterior to the hemorrhage.
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examined without interference from the
intraocular hemorrhage.

In conclusion, vitreous liquefaction
and intraocular hemorrhage may be ac-
curately assessed by proton NMR imag-
ing. This approach may have important
clinical applications, particularly in eval-
uating proliferative diabetic retinopathy,
the most common cause of blindness in
the United States for people under the
age of 60 (/2). Early detection of lique-
faction and detailed studies of sequelae,
including hemorrhage, appear feasible.
Similar studies of the natural history of
other ocular diseases may also be possi-
ble.
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Plasmodium falciparum Maturation Abolishes
Physiologic Red Cell Deformability

Abstract. Normal red cells deform markedly as they pass through the spleen and
the peripheral capillaries. In these studies, the effects of Plasmodium falciparum
infection and maturation on the deformability of parasitized red cells exposed to fluid
shear stress in vitro were examined by means of a rheoscope. Red cells containing
the early (ring) erythrocytic stage of the parasite have impaired deformability at
physiologic shear stresses, and recover their normal shape more slowly. Red cells
containing more mature parasites (trophozoites or schizonts) exhibit no deformation
under the same conditions. These results provide a mechanism to explain the ability
of the spleen to remove parasitized red cells from the circulation of both immune and

nonimmune hosts.

The ability of the normal red cell to
deform like a liquid droplet when sub-
jected to shear stress in vitro is well
documented (/). The normal red cell
(disk diameter 7 to 8 wm) also deforms
markedly in vivo in order to pass through
the interendothelial slits and basement
membrane fenestrations of the spleen (2)
and through peripheral capillaries with
luminal diameters of 3 to 4 wm. The
rotation of the red cell membrane around
its cytoplasmic contents in a motion sug-
gestive of a tank tread is particularly
significant (3), and recent reports have
shown that tank-treading occurs in capil-
laries both in vitro (4) and in vivo (5).
This tank-treading motion reduces the
hydraulic resistance to red cell passage
through the capillary (6), and may also
facilitate oxygen exchange between the
red cell and the capillary endothelium.
This report identifies a disease state
(Plasmodium falciparum infection) char-
acterized by a loss of red cell deformabil-
ity and tank-treading in which the loss of
red cell deformability presumably facili-

Table 1. Red cell recovery time and P. falci-
parum infection. The characteristic shape-
recovery time (¢.) is defined by a simple
exponential fit of the time course of the recov-
ery of cell length immediately after the release
of a shear stress of 20 dyne/cm® (I7, 18) as
described by the equation:

L-1L
L — L

— e—-l/rc

where L, L;, and L; are the instantaneous,
initial, and final cell lengths, respectively, and
t is the time after release of the shear stress.
According to this formula, the elongation of a
cell (I — Lg) is 36.8 percent of its initial value
(L; — Ly at time t.. The recovery times ob-
served for red cells with rings were signifi-
cantly longer than those of normal (uninfect-
ed) red cells (r = 2.896, P < 0.0095).

t. (seconds)

Red cell type Mean Standard

ca deviation
Normal red cells 0.121* 0.029
Red cells with rings 0.137* 0.036

*N = 170.

tates the splenic removal of parasitized
red cells from the circulation.

Miller and his colleagues suggested
previously that parasitized red cells are
less deformable than normal red cells (7).
However, at the time those studies were
performed a technique for the continu-
ous culture of malaria parasites in vitro
(8) was not available; the investigators
used mixtures of parasitized and unpara-
sitized cells to perform measurements of
macroscopic viscosity and resistance to
passage through a filter. In these studies,
we used the rheoscope (/) to define the
effects of graded levels of shear stress on
the deformability of P. falciparum-in-
fected red cells. This was accomplished
by measuring the elongation (length to
width ratio) of infected and control (un-
infected) red cells in the same micro-
scopic fields, by determining the preva-
lence of tank-treading among infected
and control cells in the same fields, and
by measuring the time course of the
recovery of cell shape after the abrupt
release of the shear stress.

Plasmodium  falciparum  parasites
were cultured in an environment with 3
percent oxygen and 3 percent carbon
dioxide (9) according to the system de-
vised by Trager and Jensen (8). Most
studies were performed with the chloro-
quine-resistant Indochina I/CDC strain,
although several experiments were also
performed with the chloroquine-suscep-
tible Honduras I/CDC strain (10). A
knobless clone of the FCR-3 strain from
The Gambia (clone D-4) (10, 11) was
used to determine whether the observed
changes in the deformability of parasi-
tized red cells were associated with knob
formation (/2).

To produce parasitemias 15 percent or
more for examination in the rheoscope
without exhausting the ability of the cul-
ture medium to support parasite growth,
we maintained heavily parasitized red
cell suspensions at hematocrits near 1
percent and provided them with fresh
medium two to three times daily. Red
cells with trophozoites or schizonts from
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