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The relative amounts of practice required by operated and
by normal animals are shown by the following figures:

Maze III Maze IT Maze I

Normal animals:

Errors in learning. . ... e 47.4 16.2 7.3

RatioonMaze I...........oouvvneon.. .. 6.5 2.2 I.0
Operated animals:

Errorsinlearning. ...................... 460.0 77.8 22.3

Ratioon Maze I............. Steiseaias 20.02 3.49 1.0

Ratio of operated on normal.............. 9.7:1 4.8:1 3.0:1

These figures show clearly that the relative difficulty of the com-
plicated mazes is greater for the animals with brain lesions than
for normals. Whereas the operated animals required only three
times as much practice for learning Maze I as did normals, they
required almost five times as much for Maze II and ten times as
much for Maze III. This shows that the greater the difficulty
of the maze for normal animals, the greater is the relative amount
of retardation produced by brain injury.

For normal animals an increase in the number of culs-de-
sac to be learned did not proportionately increase the difficulty
of the problem. For the operated animals, on the contrary, in-
crease in the number of culs-de-sac resulted in a disproportion-
ate increase in the difficulty of the problem. This corresponds
to the finding of Miiller (191r) that, whereas learning by the
“whole” method is advantageous for normal children, it is de-
cidedly disadvantageous for the feeble-minded.

We must next inquire the relation of the three variables: ex-
tent of injury, complexity of the problem, and degree of retarda-
tion in learning. Is the relative increase in difficulty with com-
plexity the same for all amounts of injury? To test this, the ani-
mals have been divided into groups by successive increments of
10 per cent destruction, and the average errors in learning the
mazes computed for each group. These averages are given in
Table XI. The groups are small, ranging from 4 to 11 cases, so
that a good bit of chance variation is to be expected. With only
two exceptions the increase in amount of practice for all mazes
follows the increments in amount of destruction.

The ratios of practice required for Mazes II and III and IV

LESIONS AND LEARNING ABILITY 73

hat for Maze I are included in the table. The :w._m:ﬁw diffi-

w0 _ﬁQmom Maze II in comparison with Maze I shows little change
cu

e in the extent of lesion. The Hooo&m. for Zm&.m 111,

the contrary, show a definite trend toward a a._mvw.o@oz_o:mﬁm
Mﬂmmnc:% for the cases with greater injuries. This difference be-
tween the ratios for Mazes IT and III is probably due mo Eo mmﬂ
nted out before, that Maze IT is more nearly equal in difficul-

with increas

oi :
m% to Maze I than is indicated by the error records.
TABLE XI
COMPARISON OF THE RETARDATION IN LEARNING MAZES OF DIFFERENT
COMPLEXITY PRODUCED BY LESIONS OF
DIFFERENT MAGNITUDES
PERCENT- ERRORS IN LEARNING Ratio To Maze 1
No. or AGE OF
Cases Umﬂ.ﬁoﬂco. Maze 1 |Maze 11{MazeIV| Maze III | Maze I [Maze 11|MazeIV gwum 1II
8 .0 | 10.9
.. 1-10 6.6 | 15.4 | 33.4 72.0 1 2.3 5
M 11-20 7.2 | 40.0 33.7 266.0 1 5.5 MM WMM
s 21-30 | 31.8 | 43.5 | 40.2 396.0 1 1.3 4 Ho.m
Bovennnnn 31-40 | 29.3 ow.m 53.0 #Wmm m MM H.o :Uo
...... 1-50 | 34.7 | 52. 53.0 580 . .
,w ....... Mo.m 40.0 | 66.6 | 60.0 |1,446.0 1 1.6 1.5 | 36.2

It may be noted in Table XT that for each of Q.Ho Bmwmm.ﬂronm
is one short range in extent of lesion with marked increase in ﬁ.ro
amount of practice required for learning. For Maze I this in-
crease is at 20 per cent (7.2 to 31.8 errors). For Mazes IT and
II1 it is at 1o per cent (15.4 to 40.0 and 72.0 to m.oo.o errors).
Whether this indicates a critical amount of destruction :mnmmme\
to retard learning or is a chance variation cannot be %SEWE&
from the data at hand. In the records for Maze IV Emnm. is mo
sharp break in continuity, so that it seems likely that it is a
chance effort in the other records.

The data of Table XI with the irregularities smoothed out
have been embodied in the graph of Figure 17. Amount of de-
struction, practice for learning, and relative %.m“_nc:% of E.m
problems for normals are illustrated as variables in the .z:mm di-
mensions. The absolute values are uncertain, but I believe that
the figure represents a justifiable interpretation of the trend of

the results.
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24 INTELLIGENCE AND THE BRAIN

can form no true conception of the cerebral mechanisms. The
variables which may be clearly recognized in a series of cases
seem to be:

1. Individual variation in localization.— Anatomical studies
of the area striata have shown that the cortical fields delimited
by cell structure vary considerably from one individual to an-
other. Adequate data of this sort are available only for this area,
and even here give only the fact of variation without determina-
tion of the limits of the range or the distribution of variates, By
physiological methods also, indication of this variability is ob-
tained. Observations here are unambiguous only for the motor
area, but the results of Franz (1915) show clearly that even in
the two hemispheres of the same animal the arrangement of ex-
citable points differs greatly. Whether this variability is prima-
rily the result of anatomical differences or whether jt indicates
that functional organization is in some measure independent of
structure is uncertain. My observations on temporal variation
in the function of the motor area (Lashley, 1923) suggest that
both anatomical variation and changes in physiological organiza-
tion may be effective agents in producing the appearance of func-
tional variability.

2. Specific shock or diaschisis effects—Monakow (1914)
has emphasized the role played in the production of recoverable
symptoms by temporary loss of function in one center as a result
of destruction of another. The conception is doubtless a valuable
one for the understanding of many cases of spontaneous recoy-
ery, but its practical application is complicated by the frequent
difficulty in distinguishing between spontaneous recovery and re-
covery as a result of re-education. We have as yet no under-
standing of the manner in which the diaschisis effect is produced
or any way of predicting the most probable shock effects from
Injury to any particular locus.

3. Vicarious function—Improvement through re-education
has been interpreted as the assumption of the functions of in-
jured parts by others which have escaped injury. There is much
incorrect speculation in the older literature concerning the parts
functioning vicariously, as the assumption that the precentral
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i ther;
gyrus of one side can assume the functions of mrmm MM MWMOM ! mz,w
i tain evidence that the reacquire :
b e vieart ific loci. Attempts to discover
i icariously by any specific loci. ]
WY Som:o_pm. 11 cases fruitless (Lashley, 1922)
loci have been in almost a cas .
mcmw_uomﬁ rather to a reorganization of the entire socm&muwwwm
h i i The spontaneous and re-edu-
to an action of specific areas. . : o
QMNo improvements after cerebral lesions make it mxnmm%sws%
Mﬂmocx to draw final conclusions from any syndrome Wosnomvom
Mnog.& function, since a gradual improvement may be asc bed
Mo recovery from shock, even though it occurs during a p
tive retraining. . o
P Equipotentiality of parts—The term :mnc%o.gsﬁmrgﬁ
I wmwm used to designate the apparent capacity M». m%% M:mmw mmw.:
i ithout reduc
i to carry out, with or wi :
of a functional area / e reduction 1
i i hich are lost by destruc
efficiency, the functions w iction of e
i ity varies from one area to anothe
hole. This capacity varies :
Mﬁ character of the functions involved. It probably ro“mm mﬂ_w
woﬂ the association areas and for functions more complex tha
i itivi -ordination.
imple sensitivity or motor co-or . .
) _um Mass function—I have already given mSaaso.m (192 qv_v
which is augmented in the present study, that the ma.:ﬁoﬁnzw -
ity is not absolute but is subject to a ::.q of mass action w Q.mmw
the efficiency of performance of an entire 88@_.@. ?:n:.oM.B y
be reduced in proportion to the extent of brain injury wit Eﬁ mm
area whose parts are not more specialized for one component o
the function than for another. . N . -
6. Disturbances of the equilibrium within ?x.&:‘:& sYs
tems.—There is a considerable mass of evidence which m.cmmomﬁm
that some symptoms, particularly in the class of motor nEoo-ow.r
. . : i in the functional equi-
dinations, may result from disturbances in
brium betwres i essential to the per-
librium between centers, although no .Smm_..s : e per
formance of the disturbed activities is directly w=<o_<ma in i
lesion. Thus unilateral lesions to the corpus striatum 9.. to : e
cerebellum may produce marked disturbances of .no-oa_:mcos
although bilaterally symmetrical lesions involving the same
structures produce but slight effects.
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In evaluating any symptoms following cerebral lesion we

must consider the possible intervention of each of these factors

In some cases the differentiation is relatively easy, as in rulin
out diaschisis as an element in the production of a Um::mzmi QM
fect of learning ability, but this is rather an exceptional instance
Wherever possible, I have attempted to distinguish the role OM.
such different factors, but in many cases this must await the ac-
cumulation of far more evidence.

CHAPTER III

THE INFLUENCE OF CEREBRAL LESIONS UPON THE

CAPACITY TO LEARN

In 1918 I reported a first attempt to determine the influence
of the extent of lesions to the cerebrum upon the rat’s ability to
form a motor habit. For the purpose the double-platiorm box
was used (Fig. 1). This is a problem box provided with a door

. ..- 7~
st = -
. Py /

0 o

F16. 1.—The double-platform box used in earlier studies. The door (d) is opened
when the platforms (g, b) are successively pressed down.

which is opened by successively pressing down in predetermined

order two platforms attached to opposite sides of the box. Nine-

teen animals were trained in this habit after cerebral lesions in-

volving from 14 to 50 per cent of the cortex. The average amount

of destruction was 28.4 per cent. The operated animals required

only 75 per cent as much practice as normal animals learning
27
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under the same conditions. Correction for the effects of motor
disturbance in the operated cases indicated that the cerebral de-
struction produced no significant effect upon the learning ability
for this habit. The rank-order correlation between extent of le-
sion and amount of practice for the animals in this series is =
0.2474-0.15. Corrected for cases with motor disturbance, there
remains no significant difference in learning ability between anj-
mals with slight and animals with extensive brain injuries.

In a more recent study (1926) I reported experiments on the
influence of lesions within the area striata upon the animal’s abil-
ity to form a simple visual habit. Forty-eight animals were
trained in brightness discrimination after cerebral lesions in the
occipital region ranging from 3.5 to 43.9 per cent of the total
area of the neopallium. The operated animals required g4 per
cent as much practice as normal animals trained under similar
conditions. In relation to its probable error this difference is not
significant. The correlation between extent of lesion and amount
of practice required for learning in this series was p=0.11+40.14.
These figures justified the conclusion that the capacity to learn
the habit of brightness discrimination is unaffected by any injury
to the occipital half of the cerebrum, even including the entire
area striata of both hemispheres.

Further data on these two problems indicated that when
normal animals which had learned the habits were subjected to
cerebral lesion in restricted areas, the habits were lost (Hunter,
1926; Lashley, 1927), in which case they could be reacquired by
an amount of practice not exceeding the range for normal ani-
mals,

In contrast to this, loss of the maze habit following cerebral
lesions proved to be attended by great difficulty in relearning,
sometimes by total inability to reacquire the habit. This opened
a new method of attack upon the problem of deterioration after
brain injury and called for a more extensive investigation of the
whole question.

PROBLEMS AND SPECIAL METHODS

In planning the experiments the following questions seemed
most pressing:

LESIONS AND LEARNING ABILITY 29

1. Are there situations for the rat in which a Qmﬁmm_wwmhwoﬂ MM
Wcm ability after brain injury can Uo. mmBA.EQO e vm el
e like the double-platform box, in which no mm.mn ap
s hat determines the involvement or non-involve-
Ny o0 acquire each Um&oc_.mﬂ m&i&ﬁ Mo Moww
this, it was desirable to sample as ﬁ.:m:%ﬂ Q_MMRM_M_ mew_ n_womom
g i iminary experiments .
possib s WMM_,MM%M MMMMY MM@ vwﬂmgonmsom reaction of H”Hmwb;-
methol Mv the alternation problem of Carr (1917), a <mEm€. of
Lo e ttern vision, and several tests of direct adaptation
e comembvwwo maze ém_,vo tried out, in addition to the problems

vomnm.v If so, .
ment of the capacity t

to change

ly selected. . .
msmww Is the deterioration following cerebral lesion temporary

ermanent? To test this it was necessary, when wmmznom_ _mmaﬂ
mz.mv ability had been demonstrated for one type of E%v em, 0
o imi later date, allowing

i lar problem at a la ,
train upon another simi
least mmcmm&msﬁ interval for complete recovery from any shock
iaschisis effect. . -

o What is the influence of the locus of :::J.N upon Eo ca

momwu.\ to learn different types of wao_&.ﬁsww This :owmmw;mmm
Mmasm the effects of lesions in all possible parts of the cor

i i blems.

n the learning of a variey of pro : . .
e 4. What is the effect of the magnitude of the lesion upon va
aocm.ﬁuﬁmw of learning? This requires lesions of different magni-
tude in each of the areas studied.

5. What is the relation between the sensory nonmsoi.w oM
the problem, the locus of injury, and the degree of Qogﬁoﬂ%%sﬁ.
To test this it was desirable to present problems offering difte
ent and controllable sensory cues. . .

6. What is the relation between the complexity of the rmEM
and the degree of retardation after brain mEEMw To test this i
was desirable to include several problems Wmﬁsm.gm m.mswo sen-
sorimotor basis and differing in the number of 52&.:8 QWB-
ponents included in each. Mazes most nearly meet this require-
ment but present the difficulty that one must either vary the pat-
tern considerably, and so introduce other factors than the re-
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duplication of parts, or risk obscuring results by permitting a
large amount of transfer from one to another.

7. Is the capacity to remember affected in the same way as
the capacity to learn? This calls for retention tests for the dif-
ferent types of situations studied.

8. When deterioration exists, is it due to sensory defect, to
reduced motor control, to lowered efficiency of the mechanism of
fixation, to a general functioning at a lower level of complexity,
or what not? These questions demand a variety of tests and con-
trols beyond immediate experimental possibility. They deter-
mined the inclusion of two problems, reversal of Maze I and the
incline box, as tests of plasticity and of kinaesthesis.

It was desirable to observe the behavior of the same animals
in a variety of situations, since only so could the effects of the
same lesions in different situations be tested. This limited the
number of problems which could be used to the capacity of the
most retarded cases and made it necessary to discard the major-
ity of the problem situations which were included in the prelim-
inary tests. Most of these either required too great time for
learning or failed to provide a clear-cut objective criterion of
learning.

Ten problems were finally selected for study. To test the in-
fluence of complexity of problem on degree of deterioration three
mazes were used; and for the permanence of defect, a fourth.
For diversity of sensory components the brightness habit and the
incline box were included. Retention tests for two mazes and the
brightness habit, and a test for the ease of substituting one habit
for another, completed the series. A detailed description of the
problems follows.

1. Maze I11.—This is a maze with eight culs-de-sac requir-
ing alternate right and left turns in the true path (Fig. 2). It is
arranged for automatic recording of errors. The animals were
given 5 trials per day until 10 consecutive errorless trials were
obtained. Time consumed and errors per trial were recorded.
In case learning was much retarded, training was discontinued
after 150 trials, which is more than seven times the average re-
quirement of normal animals, and almost twice the upper range
of normal cases.
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Fre. 2.—Ground plans of the inclosed mazes used in the present study. S,

ompartments. The broken lines represent trap-
1 inch equals 1 foot.

starting compartments; F, food ¢ ;
doors which prevent return to the starting-box. Scale,
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2. Maze 11.—This is a relatively simple maze having a
straight path, with three culs-de-sac and the food compartment
opening at the sides (Fig. 2). Training was continued at s trials
per day until 10 consecutive errorless trials were obtained, or
until 1oo trials had been given. The latter is six times the av-
erage requirement for normal animals and three times the upper
range of normal cases.

3. Maze I.—This is a simple T maze with one cul-de-sac to
the right and food to the left (Fig. 2). With it, training was con-
tinued at 3 trials per day until 10 consecutive errorless trials
were obtained, or until 6o trials had been given. The latter is
four times the average requirement of normal animals and twice
the upper limit of the range.

4. Brightness discrimination—Animals were trained in a
standard Yerkes box (Fig. 3) to choose the illuminated and
avoid the darkened compartment. Training was continued at 10
trials per day until 30 consecutive errorless trials were obtained.
No animal failed to reach this requirement.

5. Retention of Maze 111 —Forty days after the comple-
tion of training on Maze III the animals were returned to it for
tests of retention. These were given as were the original train-
ing tests and were continued to 10 consecutive errorless trials, or
until 35 trials had been given. This is eighteen times the average
requirement for relearning by normal animals and seven times
the upper limit of their range.

6. Retention of Maze I—On completion of retention tests
for Maze II1, a similar series was given for Maze I, with s trials
per day to 1o consecutive errorless trials, or until 35 trials had
been given. The latter is seven times the average requirements
of normal animals and three times the upper limit of the normal
range.

7. Reversal of Maze I.—After completion of the retention
tests for Maze I the food was transferred to the cul-de-sac on
the right and the animals trained to turn to the right and avoid
the former correct path. Training was continued at 5 trials per
day to 10 consecutive errorless trials, or until 5o trials had been
given. The latter is four times the average requirement of nor-

vq
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mal animals and nearly three times the upper limit of their

ﬁxm\smm- . . . . . 3
8. Retention of brightness discrimination.—Retraining tests

were given in the discrimination box until 30 consecutive error-
less trials were obtained.

F1e. 3.—Box used for training in brightness discrimination. The animal mm
started at .S and passes to d, where a choice of an illuminated and .%:._w alley is
offered. These lead across electric grills (g, g’) through trapdoors of light 85.&9.@
(e, a’) to the food compartments (f, /). In training, the @os on the dark m.&n is
locked and the grill charged. The illumination is shifted :Hom&m.zv\ from side to
side by a movable screen in the light-box (L). In use the entire box is covered except

for an observation hood above d.

9. Maze IV.—This maze has the general plan of Maze III,
reversed (Fig. 4), but requires the animal to run along the edges
of vertically placed boards, ¥% inch in width, after the method
devised by Miles (1927). Animals were given 5 trials per day
to 1o consecutive errorless trials, or until 6o trials had been giv-
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en. The latter is nine times the average requirement of normal
animals and three times the upper limit of their range.

10. Incline box.—As a test of the possible loss of somes-
thetic sensitivity some of the more deteriorated of the operated
cases were trained in a problem box which required discrimina-
tion of the direction of slope of an inclined surface. The problem
box is of essentially the same form as Maze I, arranged so that it

1=}

MAZE Iv S

F1G. 4.—Ground plan of open maze. This was constructed of %-inch boards sct
on edge and supported 2 feet above the floor. S, starting-point; F, feeding-platform.

may be tilted laterally at an angle of 1274° with either end ele-
vated above the other. The box is inclosed, light-tight, and the
alleys wired with punishment grills and with signal contacts
which record the animal’s position. The animals were trained to
turn up the incline on leaving the starting-compartment. Ten
trials per day were given until 30 consecutive errorless trials
were obtained.

The animals were trained successively in these problems in
the order in which they are listed above. In the majority of cases

LESIONS AND LEARNING ABILITY 35

training in each problem was begun immediately upon the com-
pletion of the tests with the preceding problem, but with some of
the cases having more extensive lesions, which lose weight under
the conditions of training, it was necessary to introduce a rest
period of a week or more between problems.

Hunger was used as the incentive in all the mazes; a com-
bination of hunger and electric shocks in the discrimination
habits.

Fifty animals were subjected to cerebral lesion and started
on the series of problems at an interval of from 10 to 30 days
after operation, depending upon the rate of recovery from opera-
tion. Thirteen were discarded because of illness in the early
stages of training or because of evidence of infection of the brain
tissue at necropsy. Others died during the course of the experi-
ment so that only 21 completed the series of problems. In addi-
tion 22 normal animals were started in the series of problems
under similar training conditions. Six of these died during an
epidemic of dysentery before completion of the series.

When symptoms of illness developed in any animal, training
was discontinued immediately, and his record for the problem
last completed was discarded, as a control of the effect of earlier

"undetected illness. Thus in Table I the animals recorded as dead

after learning Maze III had completed Maze II, and so on.

The complete records for the operated animals are given in
Table I and diagrams of the lesions in Plates I-IV, Figs. 1-37.
In this series are included six animals which had been trained in
brightness discrimination before operation and which therefore
lack data on this problem. There is no indication of any influ-
ence of their previous training upon their records in this experi-
ment. The records of the normal controls are given in Table II.
Upon the data included in these two tables the following analy-
ses are based.

DETERIORATION OF OPERATED ANIMALS SHOWN BY
MASSED RECORDS

We shall first consider the average effects of cerebral lesions,
disregarding locus and magnitude; then examine more closely
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TABLE I

INDIVIDUAL RECORDS OF LEARNING OR RETENTION IN 10 PROBLEMS, MADE BY
ANIMALS AFTER CEREBRAL LESIONS. THE PERCENTAGE OF THE ToTAL NEo-
PALLIUM DESTROYED Is GIVEN AT THE LEFT. DIAGRAMS ILLUSTRATING THE
Lestons ARE GIVEN UNDER CORRESPONDING NUMBERS IN Prates I-IV.
Torar TiME SPENT IN PRACTICE, ToTAL ERRORS DURING TRAINING, AND
ToraL Tr1ALS PRECEDING THE 1o CONSECUTIVE ERRORLESS TRIALS (30 IN
Di1scRIMINATION EXPERIMENTS) ARE GIVEN FOR EACH ANIMAL
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Z
8 g Maze III Maze 11 Maze I
g s
No. | g & Time Time
MM m mwwwﬂ %mw Errors Trials mmnmmmmv Errors | Trials anmm%v Errors | Trials
I...| 1.3 111 5 3 20 2 3 74 9 28
2...] 4.6 2,388 51| 17 185 13 22 107 8 22
3...] 6.0 8,842 120 | 47 340 24 19 o o o
4... 7.3 | 5,007 92 | 36 214 24 16 135 12 29
5.. 7.9 2,131 112 | 62 134 10 10 79 5 16
6.. 8.0 9ol 82 | 61 47 7 II 33 6 9
7- 8.4 | 2,357 43 | 31 45 4 4 23 1 I
8.. 9.1 4,039 65 | 28 678 30 19 125 12 27
9...| II.2 | 4,321 | 165 | 5T 390 28 | 26 94 71 13
10. 16.1 3,304 307 |120 170 18 15 75 18 18
1r...| 16.4 | 1,072 | 338 |77 236 33| so 36 4 5
12. 18.1 2,520 163 | 77 822 81 23 o o o
13. 22.6 5,108 332 | 54 410 54 33 108 27 36
14...| 22.8 | 2,457 | 534 |150 (23)% 1357 34| 42 67 | 20 1
15...0 23.0 | 4,235 | 183 | 59 78 71 12| 292| 38| 39
16...| 23.9 | 13,567 621 | 86 506 51 | 100 471 61 60
17. 24.8 3,700 388 | 9o 286 39 34 83 11 12
18. 24.9 1,202 2006 | 59 281 20 22 136 17 17
19...| 25.3 | 1,254 | 147 | 37 345 41 | 6o 52 7| 16
20...| 26.9 | 11,931 752 150 (57) |1,280 273 | 100 756 91 60
21...] 27.6 | 3,130 | 309 |100 133 15 14 203 | 33 60
22...| 27.9 | 5,207 | 444 |150 (2) 253 30 | 18 o o o
23...| 29.5 6,117 331 | 62 Died |......[.....[...... R R
24...| 30.0 3,314 | 501 |150 (0) 451 04 | 68| 8356 | 45| 60
25. 32.0| 3,128 193 | 6o 392 31 | 43 277 | 30| 51
26...| 34.8 | 3,767 | 645 |150 (0) 292 | 67| 56| 23| 6| 3
27. 39.8 | 12,0909 617 | 73 291 59 86 172 52 60
28. 41.5 7,785 546 | 64 122 26 II o o o
29. 44.8 | 14,121 809 [106 541 9o | o1 156 23 22
30. 44.9 | 4,048 | 386 |150 (0) 212 17 12 132 | 26| 32
3I. 53.3 | 4,622 | 682 |150 (o) | Died |......[.....|......
32. 54.9 | 0,561 761 |111 1,129 64 | 82 11 1 1
33...157.6 | 8,284 503 |135 423 66 51 115 23 28
34. 65.3 | 17,142 |2,287 |150 (o) |1,955 | 470 | 6o |1,000 | 18| 13
35. 66.4 | 5,385 |1,048 |150 (o) |3,186 | 634 | 100 | 86 | 76| 39
36. 69.5 | 15,479 |1,423 |150 (o) | Died |......|..... R P
37. 81.2 | 18,224 |1,330 (150 (0) 667 75 | 40 22 2 4

* Figures in parentheses are errorless trials.

No.
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TABLE I—Continued
Drs nmwwmwwdoz Maze III RETENTION Maze I RETENTION
PERCENT- B
AGE OF
Drstruc- Time Time i
TION Errors Trials (in Errors Trials (in Errors | Trials
Seconds) Seconds)
1.5 21 60 4 2 1 65 7 15
4.6 39 90 300 10 1 5 1 3
6.0 18 70 Died |..... S P P U PR
7.3 40 140 674 61 6 8o 8 16
7.9 | Died |....... PN Y AV S AU PR
8.0 46 130 135 9 18 o o o
8.4 30 8o 1,347 38 10 15 1 1
9.1 | Died |.......|J..... S P P
11.2 43 120 131 3 5 124 7 14
16.1 33 160 R 89 6 8
16.4 22 100 30 5 3 14 2 4
18.1 10 30 4,018 433 35 163 2 2
22.6 FR T 289 40 26 153 33 35
22.8 38 100 431 5I 35 o o [)
23.0 | ... co. 334 20 35 42 5 11
23.9 . cee 303 39 35 104 35 35
24.8 24 8 | 5,810 | 3580 35 256 44 34
24.9 R P . 402 48 35 7 1 2
25.3 97 200 75 9 6 Sm* Nm ,wm
26.9 48 170 1,423 152 35 F
27.6 mw
27-9 .
29.5 e
30.6 35
32.0 uc
34.8 w
39.8 :
41.5 ¢
44.8 o
44.9 °
R o
54.9
57.6 33
65.3 | 64 | 120 | Died |....ooifiiiii e
66.4 o
69.5
81.2 RN

* “g” indicates cases which failed through inactivity
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TABLE I—Continued

VisvaL Dis-
PERCENT. Maze I REVERSAL ﬁwﬂwﬂﬁwﬁ« Maze IV INcLINE Box
No. | piEOE
TION Time T .
A%._MMW. Errors | Trials | Errors | Trials mmwwﬂnm_mw. Errors | Trials | Errors | Trials
I.. 1.5 169 17 34 2 10 476 10
2. 4.6 52 5 6| o o| 4,868 20 20
3. 6.0 |..... [P PP I . .
4.. 7.3 101 12| 33| o o 2,808 | 87
w: m.o o ..... RS PR Y P
. .0 5 15 2 10
7.. 8.4 28 3 m w o 4
8.... 9.1 AP PR Y . I
9. 1I.2 52 3 6 2 20
10 16.1 351 29 37 9 50 .
II. 16.4 41 8 10 6 30 -
12....] 18.1 289 24 | 38| 2 10 .
13....] 22.6 F* F Fl...o ... &o
14 22.8 204 50 50| o o 32 |.....
15....1 23.0 69 5 /2 60
16....] 23.9 F F F . 60 18 mo
17.. 24.8 | 269 24 18 1 F .
18....{ 24.9 | 102 7 8 |..... . 16 .o. 20
19.... mm.,w 53 10 16 2 20 22 ||l
20....] 26.9 |[.....|..... e 2 10
21... 27.6 F F F . oM HM wm
22....| 27.9 229 23 | 40 60 12 20
23....] 20.5 |.....0..... AU P
24.. 30.6 F F F 60 |.....
25... 32.0 72 5 6
26....] 34.8 175 22 26 NM S
27.. 39.8 116 18 20 6o |..... .
28.. 41.5 120 20 38 8|
29.. 44.8 112 15 17 60 |....
30... 44.9 266 | 42 50 60 .
3I... 53.3 Jeeeideieiloiii . ..
32... 54.9 | oo R I .
33... 57.6 164 18 32 5 40 Fil...
34 Mwm m ............ T P R N PP T
35 4 285 5I 50| 1 60 ,072 I
%00 b5 | L 0 ROOSHN o Mot Wt I
37....| 81.2 . R R DA R .

* “F” indicates cases which failed through inactivity.
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TABLE II

pIVIDUAL RECORDS OF NORMAL ANIMALS EMpLOYED AS CONTROLS IN THE IO
ProBrLEMS USED To TEST IEFFICIENCY IN LEARNING AND RETENTION AFTER
CerEBRAL LEsIONs. ToTar TIME IN SECONDS, ToraL ERRORS DURING TRAIN-
NG, aND TorAL TRIALS PRECEDING THE 10 CONSECUTIVE TRIALS WITHOUT

ERROR ARE GIVEN

Maze III Maze 11 Maze 1
No.

Time Errors | Trials | Time | Errors | Trials | Time | Errors | Trials
520 54 24 46 10 8 49 9 12
566 28 3 01 4 13 72 8 19
6o1 38 16 | 310 17 16 63 6 11
538 34 11 63 9 10 16 3 2
458 43 14 | 144 18 34 31 5 9
570 40’ 16 8o 13 13 39 8 16
568 23 7 [} 11 11 52 9 18
646 43 21 87 8 11 12 1 1

1,168 29 17 131 14 14 41 4 6
748 29 22 146 23 30 88 9 22

3,451 65 21 | 157 14 15 86 5 21

1,142 44 20 | 129 17 8| 169 12 35
584 51 17 130 22 25 19 3 7
537 35 20 | 164 20 23 82 12 37

3,682 116 16 | 104 11 22 32 4 12
452 49 19 | 196 29 13 48 3 13
566 43 20 132 19 8 98 15 22
501 30 24 71 33 22 155 15 36

1,601 71 22 | Died |..... oot Y PO,

1,460 31 28 | Died |......0 ... foennn APPSR

1,468 45 27 | Died . R RN

2,007 101 36 | Died AU IS P

TABLE II—Continued
VISUAL Maze III Maze 1 Maze 1
DISCRIMINATION RETENTION RETENTION REVERSAL
Errors | Trials | Time | Errors | Trials | Time | Errors | Trials | Time | Errors | Trials

90 29 | 207 18| 2 15 2 0] 48] 6 18

70 29 13 1 1 o| o o| 352 5 16

140 5I 25 2 1 o| o o 27| 3 6

70 20 | 128 0| 3 41 3 81 65 3 I

120 | 44| 59 51 3 64| 3 4| 124 | 4 3

220 56 | 121 17 2 of| o [ 20 2 2

130 38 | 281 18 4 8 1 1 42 4 16

200 | 127 12 1 1 17 2 3 20| 3 8

210 83 29 2 1 8 1 1 40 3 1T

140 45 32 4 2 12 1 3 50 6 19

Died |..... FRUSUIS DRV DRPIPIUIVS DUVUVIPIPN APV IRV DD PR R
120 41 o o| o 9 2 48 5 16
Died [.....|ceei]oeeeileeii]ooafioidin. U P e
9o 31 50 4 5 11 2 6 76 | 6 12
9o 40 58 4 1 23 3 13 89 8 16
Died |....]oooii]ioe]oeea]oeeifomia]eeeee]ieen AU R
220 64 18 1 I 23 3 12 42 5 II
30 16 | 250 16| 4 41 3 8 | 116 8 29
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TABLE IT—Continued
BRIGHTNESS-
DISCRIMINATION Maze IV INcLINE Box
No. RETENTION

Errors Trials Time Errors Trials Errors Trials
38..... . o o 1,560 25 /2N R PR
30 cieenes 20 5 678 26 [« T PN ..
Lo TN 20 3 064 6 2 liatrones ..
4T, 00eens o o 1,088 23 IS5 feveeeeni]ennns ..
42 ciinnnnn. [ o 2,181 56 /2N IR PR
43..... . 20 2 1,449 9 2 R P ..
44 iiinnnn. o o 1,502 45 8 ...
45 iennennn 40 7 1,860 33 L S Y D,
46..... . 20 4 1,591 30 -2 SR DU PPN
47 i 10 1 1,856 31 K I P P
A8 e
T PR 30 4 281 8 3 7 30
LS I e O P PR,
5I..... . 20 3 2,270 49 7 5 20
52..... . o o 1,007 23 4 4 20
. P e DAY PR R P
54 i iaennnn. o o 610 8 2 7 20
55.0eens . 10 1 599 26 6 5 20

the relative influence of these variables in determining the re-
sults. The average extent of injury in the operated cases was
31.1 per cent of the total surface area of the cortex, with a range
from 1.5 to 81.2 per cent and a distribution covering every part
of the cortex. Figure 5shows the combined extent of the lesions.

The average scores, total time, total errors, and total trials
have been computed for each problem for all normal and for all
operated animals. In computing the constants, cases which failed
through inactivity (marked “F” in Table I) have been omitted.
These scores with their probable errors are summarized in Table
ITI. In this table, under the heading “Difference” the absolute
difference between the groups in time, errors, and trials is in-
cluded. For convenience in comparison, the average percentage
of the normal score represented by the records of the operated
animals has been computed for each problem. This was deter-
mined by expressing each score (time, trials, errors) of the op-
erated group as a percentage of the corresponding score of nor-
mals, then computing the average of these percentages for each
problem. These average differences are shown graphically in
Figure 6
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INCLOSED MAZES

Turning first to a comparison of the data for the three in-
closed mazes, we find that, in initial learning, the operated ani-
mals are significantly inferior to the normal controls. For the

most complicated maze (IIT) the operated animals required six

and one-half times as much practice as normals, and not all upon
which this average is based completed the problem. For the mmB-
ple mazes the differences are less striking, but even for the sim-
plest maze the operated required more than twice as much prac-
tice as the normals. The differences are statistically significant,

Fic. 5.—Combined extent of the lesions in animals trained after operation. In
one or another, every part of the neopallium was destroyed.

being on the average eleven times their probable errors for
Mazes III and II and almost five times the probable error for
Maze I. From this there can be no question that the cerebral
lesions were attended by an increase in the amount of practice
necessary to attain the required facility in running the maze.
For the breaking-up and reversal of the original habit of
Maze I the ratio of practice for operated and normal animals is
about the same as that for initial learning of the same maze
(2.8:1) and statistically somewhat more reliable. Inspection of
the individual records for this maze shows a rather peculiar con-
dition. Some of the animals with extensive lesions learned it
without a single error, thus excelling any normal animal. Of
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TABLE III

COMPARISON OF THE AVERAGE RECORDS OF NORMAL ANIMALS AND OF ANIMALS WITH CEREBRAL LESIONS IN 10 PROBLEMS. THE AVERAGES

P
ARE BASED UPON ALL ANIMALS IN EAcH GROUP WHICH REACHED THE CRITERION OF LEARNING OR COMPLETED THE ARBITRARY 5
NumBER OF TRIALS AT WHICH TRAINING WaS DISCONTINUED. UNDER “DIFFERENCE” THE ABSOLUTE DIFFERENCE BETWEEN THE o]
Groups Is GIVEN, AND UNDER “PERCENTAGE” THE AVERAGE OF TiME, ERRORS, AND TRIALS OF THE OPERATED GROUP IS EXPRESSED g
AS PERCENTAGE OF THE CORRESPONDING AVERAGE OF NORMAL ANIMALS 5
o]
NoOrRMAL OPERATED DIFFERENCE AVERAGE Z
DIFFERENCE O
ProBLEM . : . . . § AS PERCENT-
g‘ég‘)en (‘(115‘; Errors Trials (S’I;lcl«r)lr? d(sl;l Errors Trials g‘e’gi (g)l Errors Trials ;\diii (gEg‘OO;; :
Maze IIT. . ....... 1,087+ 78 | 47+2 190+ 1 5,680+ 460 |460+ 42 91t5 | 4,5031466 | 413+42 | 72+ 3 655 Z
MazeIT.......... 135+ 10 | 1641 16+ 1 541% 29 | 78+ 4 42+4 406+ 30 62+ 4 | 26+ 4 377 w)
MazeI........... 64+ 7 7+1 17+ 2 183+ 13 | 22+ 3 243 119+ 13§ 15+ 3 7t o4 245
Visual discrimina- =
tion............ ... ... ... 41+6 135F12 |, 41+ 3 119ty | L. okt 7| 16+14 04 as
Maze III relearning] 86+ ¢ 741 2+ o.2 | 1,001+ 51 | 91+ 6 21+ 2 915+ 51 84+ 6 | 190+ 2 1,165 =
Maze I relearning. . 18+ 2 2+0.3 st 1 79+ 12 | 11+ 2 14+3 61+ 12 ot 2 ot 3 478 -
Maze I reversal. ... 58+ 3 5to.2 12+ 1 150+ 21 | 19+ 2 26+ 2 92+ 21 14+ 2 | 144+ 2 287 b
Visual discrimina- ~
tior. relearning. . .|........... 2+o0.5 13 2 ... 3+* o5 15F2|............ 1to.7| 2% 3 127 |
Maze IV.......... 1,365+ 115 | 26+ 3 7+ 1 5,697 £ 610 |207 + 25 39t4 | 4,3324620 | 181+26 | 32+ 4 500 Z
Inclinebox........0........... 6Fto.2 | 224 1 |............ 4% 2 403 |oiiiiiinann. 8% 2 | 18+ 3 217
' 888 E
£ 5 =4 Z [ =
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ential in determining the success with Maze I. The variability
of the results seems largely due to such transfer, but it is doubt-
ful whether this has significantly altered the difference between
normal and operated animals. The preferences for the right or
left should have averaged out between the initial training and
reversal of the habit, and we find the operated equally inferior
to the normals in both.

The slight negative correlation between learning and rever-
sal of this maze, appearing among the operated animals and not
among the normal controls, suggests that the operated animals
may have a somewhat greater tendency toward preservation
than have the normals. The magnitude of the negative correla-
tion and the number of cases are both too small to establish this
conclusion.

The relearning tests after 40 days show even greater differ-
ences between the normal and operated cases than do the records
of initial training. Relatively few of the cases with more severe
lesions relearned Maze I11 in 33 trials, which is almost twice the
average for initial learning of normals; and the average practice
spent in retraining tests was more than eleven times the corre-
sponding average for normals. The differences are on the average
fourteen times their probable errors. For relearning of Maze I
the difference is less pronounced but nearly twice as great as

that which appeared in initial training.

There is clear evidence that the operated animals were in-
ferior to the normal controls in all tests with the inclosed mazes.
Since they were trained successively on the different mazes, ele-
ments of transfer and interference almost certainly entered into
the results. There is at present no way of judging the relative
influence of these factors on the scores of normal and of operated
animals, but certainly there is no reason to believe that differ-
ences with respect to transfer between normal and operated ani-
mals are to any great extent responsible for the absolute differ-
ences in their records on any single maze.

CPEN MAZE

'The open maze (IV) presents an objective complexity iden-
tical with that of Maze III. It was, however, learred by both

1‘
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d operated animals in less than ww:. the practice :w.
e inclosed maze, as judged by trials or errors, al-
e consumed was about the same for .Go% mazes.
d learning may have been due either to the
vided by the narrow and somewhat .c:-
dition of a visual factor which rapidly

normal an
quired for a.,
though the time
This more rapl
stronger incentive pro
steady support or to the ad

i eneral orientation. . .
mEmw:maEm maze the inferiority of the operated animals is about

the same as for the similar inclosed maze (5.99:1), and the dif-

ferences are on the average seven times their probable errors.

DISCRIMINATION HABITS .
In some ways the most surprising outcome of Q:_w .omvmwmﬂ
ments is the marked difference in the mmwoﬁm of omn.mcqw ws:wo:
upon the learning of the mazes and of _.u:%::om.w a_mM:M::m Nmm.
Some retardation appears in the experiments with .m_ ﬁ M M:M.Bmm
yet some animals which failed to learn gmN.m I1I in eig m.__m s
the practice required by normals were superior 6 ﬂ.w@ norm o
the formation of the habit of ,U:mrg.omm discrimination. s
result is consistent with my earlier finding (192 7) ﬁ.rmﬁ nM.Bv M._m
destruction of the posterior third of the n.mzw_ﬁwz:sV inclu ing ;
entire visual cortex, effected no retardation in the H,qum_M_o: 0
the habit of brightness &mnnamsmmw:m >m~m further check upon
i ing experiment was carried out. .
" %.MWMMM%:M:WW? which had been used to gmm the influence
of lesions upon the previously formed maze habit Amm.m Em Mxm
periments on localization of the maze habit Svoz.ma E_ a lal M
section) and which had made very poor S.nwnaw. in re mm”.ﬂ m».
the maze were subsequently given initial training in the habi 0
brightness discrimination. Their qmnmam for maze S_om_EEm
and for the visual habit are compared in Table H<” For relearn-
ing the maze they required five times as many trials wm.mnm re-
quired for initial learning by normal animals, .aEm giving QM-
dence of a serious retardation. One of them failed to learn t e
visual habit through inactivity. The .m<m5mm of ﬂ.rm. ogmnwau.m
slightly better than that of normals :Ezm@ under similar oo:& i-
tions. The brain lesions, which are shown in Plates .<|HN .:n Mn
numbers corresponding to the numbers of the animals in the
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table, produced no effect upon the ability to form the visual hab-
it, although they had abolished the maze habit and produced a
severe reduction in the capacity to relearn it.

An understanding of the difference between the results with
the mazes and the visual habit will require the weighing of a
number of considerations. Inequalities in incentives, in the com-
plexity of the habits, in the sensory mechanisms involved, or in

TABLE 1V

COMPARISON OF POSTOPERATIVE RETENTION TESTS FOR THE MazeE IN SOME
ANIMALS SHOWING DEFINITE RETARDATION AFTER OPERATION WITH THE
RECORDS OF THE SAME ANIMALS MADE SUBSEQUENTLY IN LEARNING THE
HaBIT OF BRIGHTNESS DISCRIMINATION

P JER. ® RETE VIsuAL DISCRIMINA-
omaom_,,m %Hﬂ?mwm WN— Mvnzﬁoz EMMM, Muﬂﬂn
No.
MMM%H %wuw Errors Trials Trials Errors

S 83 1,830 300 107 60 21

2 e 86 1,004 226 45 40 7

K T 88 | 3,182 341 114 40 14

Gevi i [o} 3,288 574 106 120 56

R 95 5,607 [elele} 101 130 38

6.t 105 | 3,222 602 150 50 18

T e 106 6,247 387 55 180 36

8 110 | 2,230 127 48 N *

[ T III 1,282 166 44 240 102
IO . t i ivi i 113 2,364 333 115 9o 33
5 S 117 |TI,I1I 1,689 150 140 66
T2, iiiiennnnennen. 118 5,017 1,122 150 70 21
5 S 119 1,659 212 50 130 46

Average........|........ 3,765.5 537.3 95.0 | 107.§ 38.2
Average of nor-
mal animals...[..... ... o e 135 41

* Failed through inactivity.

the character of the motor adjustments required may have been
responsible for the differences. Only the first of these can be
evaluated before the presentation of other evidence. In the vis-
ual habit, both hunger and punishment for errors were used to
establish the habit; in the mazes, hunger alone. This suggests
that the operated animals may either be lacking in appetite or
be hyperalgesic. Their general behavior bears out neither sup-
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position. They are in general more eager for food and more
greedy in eating than the controls, whereas their responses to
punishment are less pronounced and often suggest a oozma.o_.mgm
degree of analgesia. More convincing evidence against the impor-
tance of punishment in this connection is given by the results of
earlier studies with the double-platform box. In this no punish-
ment was used, yet the problem was learned equally readily by
normal animals and by those with as much as 5o per cent of the
cortex destroyed. This throws us back upon some other explana-
tion of the difference between the results with the mazes and
brightness discrimination. We must postpone further discussion
of this question until data upon the relation of retardation of
learning to sensory factors and to the complexity of the problem
have been presented.

Not enough cases were trained on the incline to make the
results of much value. The habit is formed very quickly both
by normal and by operated animals, and it is doubtful whether
the difference is significant. I have not used this problem long
enough to acquire a dependable technique and so am not inclined
to give it weight. However, there is no indication of a retardation
comparable to that in Mazes III and IV; and since this habit
depends upon kinaesthesis to an even greater extent than the
mazes, the results may serve as contributory evidence upon the
sensory factors in the maze.

CONCLUSIONS

This comparison of the massed records of normal and op-
erated animals brings out two facts clearly. (1) The operated
animals are significantly inferior to normals trained under simi-
lar conditions in the learning and retention of a variety of mazes.
(2) The inferiority is not uniform but is statistically reliable for
all the mazes. In contrast to this, there is no evidence of any
inferiority in the formation or retention of the habit of bright-
ness discrimination. In all cases where operated and normal ani-
mals have been compared in.initial learning of this habit, the
operated animals have been slightly superior to normal controls,
although the differences in any one experiment have not been
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statistically valid. The results justify the conclusion that cere-
bral lesions may produce a marked reduction in the ability to
learn and to remember some problems and at the same time leave
the capacity with respect to other problems entirely unaffected.

PERMANENCE OF THE DETERIORATION

The records of the first four problems show a progressive
decrease in the inferiority of the operated animals until in the
brightness habit they slightly excel the normals (Fig. 6). This
looks like an improvement in learning ability with recovery from
the effect of operation, but the fallacy of such an interpretation
is shown by the records of the next problem, retention of Maze
ITI. Here the operated animals consumed more than ten times
the practice required by normals, and no animal which had failed
to attain the criterion of learning in the initial training succeeded
in learning in the retention tests, although these involved twice
as many trials as are required for initial learning by normal ani-
mals. A similar inferiority appeared in the relearning and re-
versal of Maze I, although, as in initial learning of this maze,
the difference was less pronounced than for Maze III. In the
next problem, retention of the brightness habit, the inferiority
practically disappeared. Finally, in learning Maze 1V, the in-
feriority of the operated animals reappeared to almost as great
an extent as in the first trials with Maze III immediately after
operation.

The tests with Maze IV were begun at an average of 83 days
after operation, with a range from 45 to 189 days. According to
Donaldson’s interpretation of the rate of development of the rat
(Donaldson, 1924) this average corresponds to nearly 7 years
and the maximum period to 15 years in the human span of life.
Although we cannot use this comparison as a basis for any cer-
tain judgment of the stability of deterioration, it does give an
indication of the duration of the unimproved condition in relation
to the total span of life of the animal. There is no evidence for
any improvement in learning ability during the time that the
animals were kept under observation. On the contrary, the data
show that the inferiority persisted during 3-6 months and was at
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Figure 7 shows the chief cortical regions distinguished by
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Fortuyn (1914) on the basis of cell lamination. It has been nec-
essary to modify the proportions of his diagram to fit the one
used in these studies. Since the dorsal and lateral surfaces of
the cortex offer no clear landmarks and Fortuyn does not show
the relation of his fields to the underlying subcortical structures,
the adaptation could be made only in terms of the relative pro-
portions of our figures. This means some uncertainty as to the
boundaries of the fields, but probably no more than would exist
after the accurate mapping of any single brain, since the transi-
tion from field to field is, for the most part, gradual through a
broad transitional zone and, if we may argue from the condition
in man, there is considerable individual variation in the limits of
the different fields.

Homologies with higher forms suggest that fields f, f, and #
correspond to the motor or pyramidal region, j to the somesthet-
ic, p to the auditory, and w and m’ to the visual areas of higher
animals (Herrick, 1926, pp. 159-65).

The percentage of the cortex, by our method of measure-
ment, included in each of these functional groups of fields is the
following:

f, f/,¢c,and n (motor) . . . . 179
7 (somesthetic) . e . . . 276
# (auditory) . . . . . . 28I
w,m’,aa (visual) . . . . . 109.2
k (olfactory)* . L. . 7.2

* The chief olfactory cortex is the hippocampus, which was injured in a number of ani-
mals. I have not attempted to measure accurate y the extent of injury to the hippocampal
structures, but rough estimates of the extent of lesion indicate that this omission has not seri-
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