
iron, 45; aluminum, 8.5; silica, 6; chro- 
mium, 3; cobalt, 0.10; potassium, 0.02; 
calcium, 0.06; and magnesium, 2. 

It should be noted that S. acuminata is 
the fourth hyperaccumulator of nickel 
[that is, after Hybanthus austrocaledo- 
nicus, Homalium guillainii, and Psycho- 
tria douarrei (3)] discovered in the same 
location. This area consists of dense hu- 
mid forest over peridotitic humus-rich al- 
luvia in the vicinity of the Riviere Bleue. 
It would therefore seem that, unlike the 
case of Hybanthus floribundus (6), accu- 
mulation of nickel is not a xerophytic ad- 
aptation. 

Table I shows the nickel content of 
various organs of S. acuminata. The 
data are based on the analysis of three 
specimens (one from the Riviere Bleue 
area, one from the Tontouta area, and an- 
other from the For6t Cach6e). 

The nickel content of leaves and of oth- 
er organs is very high (- 1 to 2 percent), 
although comparable with most other hy- 
peraccumulators from New Caledonia. 
Of special significance, however, is the 
extremely high nickel content of the la- 
tex which has 11.20 percent nickel on a 
wet weight basis and 25.74 percent when 
the data are expressed on a dry weight 
basis. This nickel concentration is nearly 
five times higher than for any other part 
of any other species and is easily the 
highest nickel concentration ever report- 
ed for any other living material (see 
Table 1). The cobalt content of the latex 
(0.007 percent) is extremely low com- 

iron, 45; aluminum, 8.5; silica, 6; chro- 
mium, 3; cobalt, 0.10; potassium, 0.02; 
calcium, 0.06; and magnesium, 2. 

It should be noted that S. acuminata is 
the fourth hyperaccumulator of nickel 
[that is, after Hybanthus austrocaledo- 
nicus, Homalium guillainii, and Psycho- 
tria douarrei (3)] discovered in the same 
location. This area consists of dense hu- 
mid forest over peridotitic humus-rich al- 
luvia in the vicinity of the Riviere Bleue. 
It would therefore seem that, unlike the 
case of Hybanthus floribundus (6), accu- 
mulation of nickel is not a xerophytic ad- 
aptation. 

Table I shows the nickel content of 
various organs of S. acuminata. The 
data are based on the analysis of three 
specimens (one from the Riviere Bleue 
area, one from the Tontouta area, and an- 
other from the For6t Cach6e). 

The nickel content of leaves and of oth- 
er organs is very high (- 1 to 2 percent), 
although comparable with most other hy- 
peraccumulators from New Caledonia. 
Of special significance, however, is the 
extremely high nickel content of the la- 
tex which has 11.20 percent nickel on a 
wet weight basis and 25.74 percent when 
the data are expressed on a dry weight 
basis. This nickel concentration is nearly 
five times higher than for any other part 
of any other species and is easily the 
highest nickel concentration ever report- 
ed for any other living material (see 
Table 1). The cobalt content of the latex 
(0.007 percent) is extremely low com- 

Ordinary refractive corrections em- 
bodied in prescription spectacles specify 
three parameters for each lens (neglect- 
ing prism), namely, the sphere, cylinder, 
and cylinder axis. High-order mono- 
chromatic aberrations of the eye, for ex- 
ample, spherical aberration and coma, 
are usually neither diagnosed nor treated 
despite the famous dictum of Helmholtz 
(1) that the aberrations of the eye are 
such as would not be tolerated in any 
good optical instrument. With regard to 
diagnosis, this situation is doubtless due 
to the great difficulty attending most 
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pared with that of nickel. Values for oth- 
er elements (in percentages: iron, 0.06; 
chromium, 0.004; potassium, 0.15; so- 
dium, 0.11; magnesium, 0.052; and cal- 
cium, 0.52) are also relatively low. 

The extremely high nickel content of 
the latex of S. acuminata poses inter- 
esting problems in plant physiology, 
since nickel contents as high as this 
would be fatal for most phanerogams. 
Preliminary experiments in our laborato- 
ry have resulted in the isolation of a low- 
molecular-weight, water-soluble organic 
complex of nickel whose composition 
has not yet been determined. 
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methods of aberration measurement hith- 
erto employed (2). 

We have developed a new subjective 
method for measuring the mono- 
chromatic aberrations of the eye (Fig. 1). 
The method is similar to that used with 
Tscherning's aberroscope (3). The sub- 
ject monocularly views a point source of 
monochromatic light through a crossed- 
cylinder lens and grid assembly, which is 
held in a trial frame with the subject's 
normal distance lenses. Due to the 
strong astigmatism induced by the 
crossed-cylinder lenses, the pattern of the 
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grid at the pupil is reproduced as a shad- 
ow image on the subject's retina, rotated 
through 90?, reversed left to right, and 
distorted by the aberrations of the sub- 
ject's eye as follows: with no aber- 
rations, the grid at the pupil will be trans- 
formed into a perfectly square grid on 
the retina and perceived as such. If, how- 
ever, we envision an aberrant wave front 
at the pupil deviating from a perfect 
sphere by a distance W(x,y) at any point, 
x,y, then the corresponding point on the 
retina, x' ,y', will be displaced from its ab- 
erration-free location by the amounts Ax' 
and Ay' where 

grid at the pupil is reproduced as a shad- 
ow image on the subject's retina, rotated 
through 90?, reversed left to right, and 
distorted by the aberrations of the sub- 
ject's eye as follows: with no aber- 
rations, the grid at the pupil will be trans- 
formed into a perfectly square grid on 
the retina and perceived as such. If, how- 
ever, we envision an aberrant wave front 
at the pupil deviating from a perfect 
sphere by a distance W(x,y) at any point, 
x,y, then the corresponding point on the 
retina, x' ,y', will be displaced from its ab- 
erration-free location by the amounts Ax' 
and Ay' where 

x' = F(dz/dy) 

Ay' = F(dz/dx) 

x' = F(dz/dy) 

Ay' = F(dz/dx) 

(1) 
(2) 

(1) 
(2) 

and F is the focal length of the eye (4). 
Whereas conventional lens aberration 

theory is based on the assumption of 
rotational symmetry of the optical ele- 
ments, we have chosen to describe the 
wave-front aberration by a Taylor series, 
which makes no assumptions about the 
symmetry of the elements. Thus we may 
describe the wave-front aberration, 
W(x,y) in terms of its coordinates x and y 
with origin at the center of the pupil (5): 
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In this series representation of the 
wave aberration surface the terms Bx 
and Cy correspond to the conventional 
horizontal and vertical prism terms in an 
ophthalmic prescription and the terms 
Dx2, Exy, and Fy2 are transforms of the 
ordinary sphere, cylinder, and axis. The 
high-order aberrations are embodied in 
the subsequent terms, which we have 
represented through the fourth order. 
Each of these nine high-order terms 
gives rise to a characteristic distortion of 
the grid pattern resulting either in curva- 
ture or nonparallelism of the lines of the 
pattern (6) (Fig. 1). Terms with co- 
efficients G through J specify third-or- 
der (comalike) aberrations while terms 
with coefficients K through O represent 
fourth-order aberrations. Classical 
spherical aberration is represented by the 
three terms K, M, and O in the ratio 
of 1: 2 : 1. The pattern that the subject 
sees may be regarded as a square grid dis- 
torted in a manner determined by the 
Taylor series of Eq. 3, for which 
coefficients G through O are to be deter- 
mined. 

Each subject was asked to draw the 
pattern as he or she saw it. The locations 
of the intersections in the drawings were 
then recorded, and the Taylor 

SCIENCE, VOL. 193 

In this series representation of the 
wave aberration surface the terms Bx 
and Cy correspond to the conventional 
horizontal and vertical prism terms in an 
ophthalmic prescription and the terms 
Dx2, Exy, and Fy2 are transforms of the 
ordinary sphere, cylinder, and axis. The 
high-order aberrations are embodied in 
the subsequent terms, which we have 
represented through the fourth order. 
Each of these nine high-order terms 
gives rise to a characteristic distortion of 
the grid pattern resulting either in curva- 
ture or nonparallelism of the lines of the 
pattern (6) (Fig. 1). Terms with co- 
efficients G through J specify third-or- 
der (comalike) aberrations while terms 
with coefficients K through O represent 
fourth-order aberrations. Classical 
spherical aberration is represented by the 
three terms K, M, and O in the ratio 
of 1: 2 : 1. The pattern that the subject 
sees may be regarded as a square grid dis- 
torted in a manner determined by the 
Taylor series of Eq. 3, for which 
coefficients G through O are to be deter- 
mined. 

Each subject was asked to draw the 
pattern as he or she saw it. The locations 
of the intersections in the drawings were 
then recorded, and the Taylor 

SCIENCE, VOL. 193 

Subjective Measurement of High-Order Aberrations of the Eye 

Abstract. We used an apparatus similar to Tscherning's aberroscope, and ana- 
lyzed subjects' drawings to obtain the wave aberration surjfaces of 55 eyes. This anal- 
ysis permitted a Taylor series representation of the wave aberrations to terms of the 
fourth order. The results revealed a wide variety in type and severity of high-order 
aberrations in which "cylindrical" aberrations were prominent and cases of classi- 
cal spherical aberration were rare. We computed the monochromatic modulation 
transfer function curves for the range of observations. The overallfindings suggest a 
more prominent role for monochromatic high-order aberrations in degrading the vi- 
sual image than has hitherto been assumed. 
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Fig. 1 (left). Formation of grid patterns on the retina. Collimated light parallel to axis traverses +5 diopters crossed-cylinder lenses A and C with 
axes at +45? and with an intercalated 1-mm2 grid, B, and enters the pupil of the eye forming pattern at F on subject's retina. The two line foci, which 
define the interval of Sturm and arise from the induced astigmatism of the crossed-cylinder lenses, fall in front of and behind the retina at Li and L2. 
Four possible patterns are envisioned for subjects with (1) no high-order aberrations, (2) with typeJ only, and (3) typeH comalike aberrations, and 
(4) with type K fourth-order aberration. The crossed-cylinder lenses and grid compose a single compact test lens assembly, which is placed in a trial 
lens frame in front of the subject's prescription. Fig. 2 (right). Calculated monochromatic modulation transfer curves for 5-mm pupil diameter 
for selected eyes from a set of 55 rank-ordered eyes. The best eye is designated 100 percent. All curves were computed by the method of Hopkins 
(10). The ordinate is the average of horizontal and vertical meridian best-focus MTF's. The abscissa gives cycles per millimeter at the retina for a 
standard eye. 

coefficients were determined by a com- 
puter program which fitted thex and y de- 
rivative surfaces of the wave aberration 
surface with two-dimensional orthogonal 
polynomials (7). 

We studied 33 subjects and obtained 
useful drawings for 55 eyes, for which 
we computed the Taylor coefficients (8). 
The values of all the coefficients were 
then plotted as histograms, and their 
mean values and standard deviations 
were computed. The histograms for 
coefficients G and I were examined for 
any indication of nasal-temporal asym- 
metry such as would be due to coma 
caused by the known displacement of the 
optical axis relative to the axis of the 
eye; none was found. Similarly the H 
and J aberration distribution curves 
showed no effects attributable to grav- 
imetric distortion of the eye. 

By definition, the third-order aber- 
ration terms must dominate the aber- 
ration expression for sufficiently small 
pupil sizes. Using the total mean square 
wave-front deviation from a perfect 
spherocylindrical surface (9) as a crite- 
rion, we calculate that for a nearly physi- 
ological maximum pupil size of 8 mm, on- 
ly 30 percent of our subjects' eyes were 
dominated by fourth-order aberrations; 
the rest were predominantly influenced 
by third-order aberrations. The result 
suggests that the classical view of the 
greater mischief of spherical aberration 
in degrading the visual image may be in- 
correct. 

In classical spherical aberration the 
fourth-order terms K and O should have 
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equal values in any given eye. In exam- 
ining these coefficients, we found that 
few eyes exhibited appreciable classical 
spherical aberration, while approximate- 
ly 20 percent of the eyes showed consid- 
erable amounts of either K or O aber- 
rations singly. We have termed this con- 
dition "cylindrical aberration," that is, 
the aberration exhibited by a strong cyl- 
inder lens. 

The combined effect of all Taylor aber- 
ration terms on degrading vision is per- 
haps best shown by the modulation trans- 
fer function (MTF). A pupil diameter cor- 
responding to low light levels (5 mm) was 
chosen, and the 55 eyes were ordered by 
ranks according to the total mean square 
wave-front deviation from a perfect 
spherocylinder for this pupil size. The 
Taylor coefficients of eyes at selected 
rank-order percentile points were then 
used to compute by complex integration 
the best-focus vertical and horizontal 
MTF curves (10) (Fig. 2). 

Drawing errors probably cause larger 
rather than smaller aberration 
coefficients, and, therefore, the actual vi- 
sual performance of these selected eyes 
will probably be better than indicated. 
Despite this fact, we present the data be- 
cause (i) they represent a fivefold larger 
population than has hitherto been stud- 
ied (11), and (ii) the difference between 
our 50th percentile MTF and the theo- 
retical estimates of van Meeteren (12) 
and others is sufficient, we believe, to 
warrant a reexamination of the signifi- 
cance of high-order aberrations in de- 
grading vision (13). 

Finally, we hope that this new, 
crossed-cylinder method of measuring 
aberrations, which was initially applied 
to the testing of camera lenses (14), will 
find useful application in clinical work. 
Because of its simplicity, we think that it 
could be used routinely in the diagnosis 
of irregular astigmatism, in following ab- 
erration changes in cases of suspected 
conical cornea, after corneal surgery, 
and for measuring the effects on high-or- 
der aberration of contact lenses. 

BRADFORD HOWLAND 
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HOWARD C. HOWLAND 
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Transplanted Neural Tissue Develops Connections with 

Host Rat Brain 

Abstract. Superior collicular fragments transplanted from fetal to newborn rat 
brains develop complex internal organization and receive visual afferents from the 
host providing they lie sufficiently close to the host visual pathways. This system al- 
lows investigation in vivo of special affinities between cells of the mammalian central 
nervous system. 
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vated in vitro (2). To explain the origin of 
this predictability, Sperry (3) proposed 
that neurons acquire unique cy- 
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Fig. 1. (A) Transverse section through midbrain showing transplant (T) in upper layers of host 
superior colliculus (S); neurofibrillar stain; scale bar, 450 /m. (B) Detail of transplant in (A). 
Adjacent Fink-stained sections show an optic projection to the two areas (x and y); scale bar, 
200 ,Am. (C and D) Details from section adjacent to that in (A) and (B), stained by Fink-Heimer 
method and showing degenerating optic terminals in regions x and y, respectively. No other part 
of this transplant showed terminal degeneration; scale bar, 20 txm. 
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tochemical labels whose selective match- 
ing leads to the formation of ordered con- 
nections between different brain regions. 
This general hypothesis is supported by 
cell aggregation experiments that demon- 
strate region-specific affinities between 
neuronal cells (4), but these studies are 
still several steps removed from explain- 
ing the development of ordered synaptic 
connections. Furthermore, the inter- 
pretation of any in vitro experiment is 
clouded by the observation that neurons 
are capable of substantial modification 
and reorganization of connections. For 
example, in fish, amphibia, and devel- 
oping mammals, removal of afferents to 
certain regions often causes major 
reorganization of other inputs such that 
they invade and form functional synap- 
ses in the deprived region; conversely, re- 
moval of the target area of a growing ax- 
on population may cause these axons to 
innervate adjacent regions (5, 6). At the 
level of individual neurons, such results 
suggest that identifying cytochemical la- 
bels are not irreversibly determined, or 
that factors other than special affinities 
between axons and their postsynaptic 
cells play a role in the development of or- 
dered neuronal connections. 

The present study demonstrates a way 
in which these problems may be system- 
atically investigated in the developing 
mammalian nervous system and ad- 
dresses the specific question of whether 
neuronal populations are automatically 
innervated by a group of axons if placed 
in the terminal field of those axons. The 
approach entails transplantation of tissue 
fragments from the superior colliculus of 
fetal rats into the superior colliculus re- 
gion of newborn rats and the subsequent 
demonstration of synaptic connections 
between host and transplanted tissues. 
Two features make this feasible: (i) affer- 
ent pathways to the superior colliculus of 
rats are still capable of growth through le- 
sions or of modified growth in response 
to specific surgical manipulation at birth 
(5); and (ii) newborn rats have not devel- 
oped immunological competence and so 
will not reject the transplants (7). A simi- 
lar approach involving transplantation of 
regions of fetal rat brain into the cerebel- 
lum of rats after birth was reported by 
Das (8) but, while demonstrating trans- 
plant survival, he did not investigate the 
formation of connections between trans- 
plant and host in that study. 

Pregnant rats were injected with 
[3H]thymidine on fetal day 13 or 14, the 
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