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kundock 2 
= 0.06 s-' and udock = 0.04 s-1, 

etc. (see Fig. 4). The numerical solution of 
this set of coupled differential equations is 
plotted in Fig. 2. The fitted solution uses 
kcleav = 0.12 s-1, klig = 0.24 s-1, and the fact 
that 7% of the enzymes are not active. The fit 
determines the equilibrium constant kcleav/ 

kiig = 0.5 to better than ?30% and places an 
upper limit on klig 

- 0.8 s-~. [See (25) for a 
full description of this numerical work.] 

Finally, we propose a model for the mem- 

ory effect based on slow transitions between 
different structural configurations of loops A 
and B. The structures of these loops in the 
undocked state determined by NMR (16, 17) 
are different from those in the docked state 
determined by x-ray crystallography (18). 
We propose that loops A and B can adopt 
different conformations in the undocked 
state. If each loop has two possible confor- 
mations that favor a deeply docked and a 

loosely docked state, respectively, then their 
four combinations lead to four undocking 
rates, as are observed. The slow transition 
time between these loop conformations deter- 
mines the memory time of the undocking 
rates. If only one of the two loops undergoes 
such transitions, it would require four differ- 
ent metastable conformations of this loop to 
give the four undocking rates. 

Indeed, both NMR studies of loops A and B 
have given evidence of metastable alternating 
conformations, such as sharp resonance peaks 
for protonated and unprotonated species of A 10 
in loop A (16) and weak resonances detected 
between bases in loop B (17), but well-defined 
alternate structures were not proposed. Future 
research should test this hypothesis with a se- 
ries of mutations that alter the structures of 

loops A and B to favor certain docked states at 
the expense of others. 

Our single-molecule results demonstrate a 

tight coupling of structural dynamics and cat- 
alytic function in the hairpin ribozyme. Strik- 
ingly, the hairpin ribozyme-one of the sim- 

plest RNA enzymes-shows very complex 
structural dynamics, with four docked states 
of distinct stabilities and a strong memory 
effect. Our observations would be difficult to 
obtain by ensemble methods because the less 
stable conformational states are nonaccumu- 
lative. This work highlights the power of 

single-molecule approaches in characterizing 
complex structural dynamics. 
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A critical issue in developmental cognitive neuroscience is the extent to which 
the functional neuroanatomy underlying task performance differs in adults and 
children. Direct comparisons of brain activation in the left frontal and extra- 
striate cortex were made in adults and children (aged 7 to 10 years) performing 
single-word processing tasks with visual presentation; differences were found 
in circumscribed frontal and extrastriate regions. Conceivably, these differences 
could be attributable exclusively to performance discrepancies; alternatively, 
maturational differences in functional neuroanatomy could exist despite similar 
performance. Some of the brain regions examined showed differences attrib- 
utable to age independent of performance, suggesting that maturation of the 
pattern of regional activations for these tasks is incomplete at age 10. 
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neuroscience is to understand the develop- 
ment of the functional organization of the 
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velopment (1) but also create a context for 
understanding the consequences of early per- 
turbations to the developing brain (2, 3) or 
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aberrant organizations thought to underlie de- 
velopmental disorders of cognition (4). Such 
knowledge can also serve as a context for 
developing clinical interventions to treat 
these disorders. 

Because of difficulties in matching anat- 
omy and performance across age groups (5), 
developmental functional magnetic reaso- 
nance imaging (fMRI) studies of cognition 
[reviewed in (5, 6)] have employed indirect 
strategies for group comparison (7-9) or have 
not opted to perform comparisons (10-12). 
We used a multistep strategy to overcome 
these barriers in an event-related fMRI study 
of children and adults performing single- 
word language tasks (13). 

The first step was to develop a compara- 
ble task base for adults and children. All tasks 
used were controlled (that is, effortful) visual 
lexical (single-word) processing tasks (14). 
In these tasks, participants were required to 
generate a single-word verbal response to a 
visually presented word (15). These lexical 
processing tasks were chosen because they 
are similar to those previously studied in 
adult populations (16, 17), [for review, see 
(18-20)], and the neural processes underlying 
these tasks are thought to undergo substantial 
development between childhood and adult- 
hood (21). For example, specialization in cer- 
tain left extrastriate regions is thought to 
occur as readers become literate (18). Like- 
wise, frontal cortex maturation, apparently 
related to the development of control process- 
es (22, 23), appears to be relatively protracted 
as compared to that of other cortical regions, 
continuing beyond adolescence [reviewed in 
(22)]. Hence, the current study focused on the 
comparison of left frontal and left extrastriate 
activations between normal, native English- 
speaking, right-handed children 7 to 10 years 
old (n = 19 children, 10 of whom were 
female; mean age 9.3) and adults 18 to 35 
years old (n = 21 adults, 11 of whom were 
female; mean age 25.5) (13). Because fMRI 
runs consisted of an event-related design (24- 
26) with overt verbal response (26), both 
accuracy and reaction time (RT) could be 
related to the fMRI measures on a trial-by- 
trial basis. Although children were, on aver- 
age, slower and less accurate than adults, 
there was a substantial overlap with adult 
performance measures. 

The second step in the strategy, for the 
purpose of direct statistical comparisons be- 
tween functional activations in adult and 
child brains, was to perform voxel-by-voxel 
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analysis of variance (ANOVA) on all imag- 
ing data in a common stereotactic space (27, 
28). This ANOVA included time as a within- 

subject factor and age group as a between- 
subject factor. A "main effect of time" image 
(Fig. 1) showed multiple activations, includ- 

Fig. 1. Statistical acti- 
vation maps derived 
from whole-brain fMRI 
of adults and children 
performing visual lexi- 
cal processing tasks in 
an event-related de- 
sign. Images are sagit- 
tal sections positioned 
with the front of the 
brain pointing toward 
the viewer's left, across 
all 40 participants (21 
adults and 19 chil- 
dren) incorporated 
into the ANOVA. The 
color scale corre- 
sponds to ANOVA- 
derived z scores. The 
first column shows 
the main effect of 
time image for the 
two groups generated 
from ANOVA with 
group (adult and 
child) x time (seven 
levels; each MR frame 
is 3 s in duration) for 
all trials with correct 
responses collapsed across the three controlled lexical tasks (14). The top slice is a sagittal cut 
through the left hemisphere at the Talairach coordinate of x = -49; the bottom is a section 
through the left hemisphere 20 mm medial to the top slice, at x = -29. The column labeled 
interaction is the group x time interaction from the same ANOVA. In considering this ANOVA, 
active regions in the time image reflect locations whose activity is probably similar between the 
two groups. Circles in the time image highlight selected regions that have a robust main effect of 
time across groups but no statistically significant group x time interaction. These regions are 
analyzed further in this study. Regions in the interaction image reflect locations that are signifi- 
cantly different between the two groups. Circles in the interaction image highlight selected regions 
in the left frontal and extrastriate cortex analyzed further in this study (13). 

Fig. 2. Demographics f_ 
and task performance 
characteristics of the Non-MaLdied Matched Matched Non-Matched 
four subgroups tested. 
Of the initial 19 chil- 
dren and 21 adults, 10 n 9 lo 10 11 

from each were placed 
into subgroups based gemde 5 f / 4 m 5 f / 5 m 4 f / m 7 f / 4 m 
on performance pa- age 9.38 9.22 24.49 25.93 
rameters (30). Green :.................... : 
dotted lines show % cornedl 80.78 881.11 92.06 98.12 

statistically equivalent :::.. ...................................:::::::::::::::::::::::::::::::; 
groups, as derived RT (msec) 2388 1481 1326 1222 groups, as derived RT(mse ) 23 .....l..................?...6..................1........ 
from ANOVA and ..................................... 
Scheffe tests at P < VerbaQ..... 118 ................125 
0.05. The mean (of Perfo iiiance IQ. 3 

............. 

the median RTs for .................... ................. 
correct trials across all Full Scale IQ 120 123 . .... 
three tasks) RTs for .......... 

the matched children, 
matched adults, and 

.............. ANOVA / Scheffe groupings, p < 0.05 
nonmatched adults were not statistically different. By contrast, the RT for the nonmatched children 
fell outside of the Scheffe-derived grouping. In all other respects assessed, no significant difference 
was observed between the within-age-category subgroups. Intelligence quotient (IQ) data were 
collected on children only (13). Both matched adults and matched children performed accurately, 
but the former group was significantly more accurate. However, only the correct trials were 
incorporated into the statistical analysis. A chi-square test revealed no significant differences in 
gender composition among the subgroups. n, number of participants; age, mean age of participants 
in subgroup; % correct, percentage of trials per run with correct response collapsed across all three 
tasks; f, female; m, male. 
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ing activations as expected in the left frontal 
and left extrastriate cortex, suggesting that 
the children and adults had similar activity in 
these regions (7-9). However, a "group X 
time interaction" image (Fig. 1) revealed re- 
gions of difference between adults and chil- 
dren in the left frontal and left extrastriate 
cortex [among other regions (13)] as well. 
From these two images, six regions of inter- 

REPORTS 

est (ROIs)-four in the left frontal cortex and 
two in the left extrastriate cortex-were de- 
fined (13, 29). 

The third step in the strategy addresses a 
fundamental question raised by the differenc- 
es found in the interaction image. Are these 
functional anatomical differences between 
the groups due to maturational stage, or do 
they simply reflect the overall slower and less 

Fig. 3. Three developmental relationships observed in left frontal and left extrastriate regions. The 
hemodynamic response function time courses for adults and children, and the P values derived from 
the group X time interaction, are shown for six regions derived from the ANOVA. Four of the 
regions are derived from the interaction image in Fig. 1, and two regions are derived from the time 
image in Fig. 1. The percentage of MR signal change is plotted against time in seconds. The time 
courses and P values for the performance matched and for the performance nonmatched subgroups 
are shown for each region. The numeric coordinates (such as -49, 3, 40) indicate the location of 
the center of mass of the relevant region of activation in a standard atlas space (13). Age-related 
regions (green) denote areas where activation depends on the person's age, not performance; 
performance-related regions (orange) denote areas where activation depends on the person's 
performance, not age; age/performance-independent regions (blue) denote areas where activation 
is independent of the person's age or performance. (A) Left frontal cortex. Four frontal ROIs are 
delineated with circles in stereotactically accurate locations on a sagittal view of the averaged 
high-resolution structural image from 20 matched participants (10 children and 10 adults). The 
time course for each ROI is depicted. (B) Left extrastriate cortex. One age-related region and one 
performance-related region are depicted. 

accurate performance of the children on these 
tasks? This question was addressed by using 
an analysis sensitive to the effects of both age 
and performance. 

Because of the overlap in performance 
discussed above, it was possible to create two 
separate comparison subsets of child and 
adult data: one in which child and adult per- 
formance were very similar ("matched") and 
one in which there were clear performance 
differences between adults and children 
("nonmatched") (30). Several demographic 
and performance characteristics of these sub- 
groups are depicted in Fig. 2. If the task- 
related activity in a region were affected by 
neither age nor performance, it would have 
similar activity for adults and children in both 
the matched and nonmatched subgroups (age/ 
performance-independent region). A region 
where performance has an effect would ex- 
hibit minimal if any differences between the 
matched subgroups but significant differenc- 
es between the nonmatched subgroups (per- 
formance-related region). Critically, a region 
where the activity is affected by the age of the 
person irrespective of performance would 
have dissimilar activity between the matched 
subgroups, and this difference would repli- 
cate in the nonmatched subgroups (age-relat- 
ed region). 

Activity in the six ROIs was characterized 
using the above criteria (Fig. 3). Activity in 
two frontal regions (-47, 9, 22, BA 9 and 
-51, 7, 6, BA 44) (13) was age/performance- 
independent. Activity in one left frontal cor- 
tex region [more anterior and ventral to the 
above regions (-37, 23, 6, BA 45/47)] and in 
the more posterior left extrastriate cortex re- 
gion (-27, -87, 4, BA 18) was performance- 
related, both regions showing greater activa- 
tion in children in the nonmatched group. 
One left frontal and one left extrastriate re- 
gion were found to be age-related. The left 
extrastriate age-related region (-29, -71, -6, 
BA 18) again demonstrated more robust ac- 
tivity in children than in adults. In contrast to 
this extrastriate region, the frontal region 
(-49, 3, 40, BA 44/6) showed significantly 
greater activation in adults than in children. 
Analysis of the time course data in this region 
for the children alone revealed that children 
(both overall and in both subgroups) did not 
have a significant activation in this location. 

The different patterns of performance and 
age-related patterns found have several im- 
plications for the comparison of adult and 
child functional anatomy. The age/perfor- 
mance-independent regions, by definition, 
behave similarly in children and adults. The 
performance-related regions appear to be af- 
fected by time on task and not by age. Time- 
on-task effects are common in functional 
neuroimaging data, including activations in 
similar frontal and extrastriate regions (31). 
Thus, it seems reasonable to conclude that 
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age/performance-independent and perfor- 
mance-related regions are functioning simi- 
larly in adults and children. 

However, it should be noted that the per- 
formance-related regions are an example of 
how performance mismatch might lead to a 
false attribution of such differences between 
age groups to effects of maturation per se. 
Although issues of group performance mis- 
match are relevant throughout the functional 
neuroimaging literature when development, 
aging, or pathology is studied, our results 
suggest that these issues can and should be 
addressed to avoid the confounding of per- 
formance effects with group-related function- 
al anatomical differences. 

Age-related regions, on the other hand, 
do most plausibly reflect effects of brain 
maturation per se and indicate that the brain 
of a (7-to-10-year-old) child uses, in part, a 
different functional neuroanatomy than that 
of an adult performing the same tasks. 
There are several potential explanations for 
such effects. 

One explanation is that the left dorsal 
age-related region is immature in children 
and is incapable of producing sufficient pro- 
cessing to aid in the performance of this task. 
In the absence of activation of the left dorsal 
frontal region, the child's brain adopts an 
alternative strategy that includes greater use 
of a left extrastriate region [as well as other 
regions, not detailed here (13)]. By "strate- 
gy," we refer to the tactic used by the brain to 
solve a problem and not necessarily to an 
overt or volitional approach used by the par- 
ticipants. This scenario does not lead to the 
assertion that the frontal lobe as a whole is 
not mature or not accessible, because the bulk 
of the lateral frontal cortex highlighted here 
shows no age-related differences (Fig. 1). 

Alternatively, it could be that because of 
experience, children have not yet incorporat- 
ed the processing resources of this left frontal 
region into a strategy for performing the 
types of tasks used here, but do so for other 
tasks. Recently published work suggests that 
this latter alternative may be the case (32). 

Recent developmental studies have suggest- 
ed that child brains may have a more wide- 
spread (9) or less focal lexical processing sys- 
tem than adult brains have. Such a regressive 
model does not appear to account for the full set 
of differences between adults and children 
found in this study. Although the extrastriate 
differences might be explained in such a frame- 
work, the addition of an age-related frontal 
activation in adults seems to be counter to this 
suggestion. In fact, when performance is 
matched, the majority of differences between 
adults and children disappear, and those that 
remain reflect response differences in discrete 
anatomical regions. 

The results presented here strongly sug- 
gest that the functional neuroanatomy under- 

lying controlled lexical task performance is 
still developing during early school years. 
Several points follow: Through study of older 
children and through longitudinal studies, the 
transition of age-related regions from imma- 
ture to mature patterns of activity can be 
delineated. Through study of younger chil- 
dren, further age-related differences will like- 
ly be found. And, perhaps most important, 
when the functional neuroanatomy of chil- 
dren who have brain pathology is studied, the 
normal developmental context (at the time of 
injury and the time of study) needs to be 
taken into account. 
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