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monkeys studied longitudinally with fMRI
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Abstract
We studied the development of visual activation longitudinally in two infant monkeys aged 103–561 days using the BOLD fMRI
technique under opiate anesthesia and compared the results with those obtained in three adult animals studied under identical conditions.
Visual activation in primary visual cortex, V1, was strong and reliable in monkeys of the youngest and oldest ages, showing that functional
imaging techniques give qualitatively similar results in infants and adults. Visual activation in extrastriate areas involved in processing
motion (MT/V5) and form (V4) was not evident in the younger animals, but became more adult-like in the older animals. This delayed onset
of measurable BOLD responses in extrastriate visual cortex may reflect delayed development of visual responses in these areas, although at
this stage it is not possible to rule out either effects of anesthesia or of changes in cerebral vascular response mechanisms as the cause. The
demonstration of visually evoked BOLD responses in young monkeys shows that the BOLD fMRI technique can usefully be employed to
address functional questions of brain development.
D 2006 Elsevier Inc. All rights reserved.
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1. Introduction
The process of brain development has long been an
important focus of neuroscience research. Behavioral
studies of newborn primate infants show significant postnatal development of sensory and cognitive function [1].
The relationship between structural and functional changes
in the brain postnatally and changes in behavior remains
poorly understood. Recent advances in functional magnetic
resonance imaging techniques offer the opportunity to
observe the maturation of cortical organization at the level
of functional areas. Moreover, this relatively noninvasive
technique permits longitudinal study of individuals, thus
offering the opportunity for improving our understanding of
sequential developmental events and directly correlating
brain function and performance.
One of the best studied systems in the brain is the visual
system. Substantial knowledge exists of the neural mechanisms limiting visual performance in infants [2,3]. However,
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current research shows that much of the important maturational events are likely to be beyond the primary visual
cortex, V1, in extrastriate cortical visual areas such as V4 or
MT/V5, or perhaps even visual association areas. Thus, an
obvious and important question to address is, what is the
sequence of development of higher visual cortical areas in
relation to primary visual cortex? A few studies have
attempted to investigate this question at the single-neurone
level in nonhuman primates [4– 8]. These studies show on
balance later development of extrastriate and inferotemporal
visual areas. Similar conclusions come from studies using
the technique of 2-deoxyglucose autoradiography to measure visually evoked metabolic activity [9]. However, it is
difficult to gain a sense for whether there is a clear
hierarchical cascade, a differential development of ventral
and dorsal stream areas [10], or perhaps a generalized poststriate maturation from such approaches.
A few investigations using fMRI techniques in human
infants are beginning to address questions of global
sequences of brain development [11,12]. Since much of the
research characterizing anatomical and physiological maturation has been done in animal models such as cat and
monkey, and quantitative longitudinal studies of visual
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development in monkeys exist [13 –15], it is important to
develop imaging technology to bring a more global
perspective to this question. We have undertaken the study
of postnatal maturation of early visual areas using fMRI. In
this report, we describe technical aspects of this methodology and data suggesting late emergence of reliable BOLD
activation in extrastriate compared to striate visual areas.
2. Methods
Experiments were conducted in infant and adult Macaca
mulatta monkeys. The studies were approved by the local
authorities (Regierungspr7sidium) and were in full compliance with the guidelines of the European Community
(EUVD 86/609/EEC) for the care and use of laboratory
animals. We scanned two infant monkeys (aged 3.5 months
at the start of the study) repeatedly at different ages (weight
range from beginning to end of the study, 1.1 – 2.9 kg). We
obtained imaging data from seven sessions from one infant
and four from another, during which the stabilization of the
animals in the scanner was successful and their physiological condition stable. The ages of the infant monkeys during
scanning ranged from 103 to 561 days. We also scanned
three adult monkeys (age, 4.9– 6.8 years; weight, 5.5 –
7.0 kg) during the same period as the infant monkeys. One
of the adult monkeys was scanned twice at different ages
(4.9 and 6.8 years).
2.1. Animal preparation and maintenance
The handling and anesthesia protocol used ensure stressfree treatment of the animal. The anesthesia protocol

for imaging of the adult animals followed the one used
in previous studies [16] and was adapted for imaging of
the infant monkeys. Specifically, for the adult monkeys
after premedication with glycopyrrolate (0.01 mg/kg, im)
and ketamine (15 mg/kg, im), an intravenous catheter
was inserted to the saphenous vein (20-gauge). Animals
were preoxygenated and anesthesia was induced with
fentanyl (3 Ag/kg) and thiopental (5 mg/kg). Succinylcholine chloride (3 mg/kg) was used as a relaxant before
intubation of the trachea. Following intubation, the animals
were ventilated using a Servo Ventilator 900 C (Siemens,
Germany), maintaining an end-tidal pCO2 of 34 –35 mm
Hg and oxygen saturation over 95%. Anesthesia was
induced with isoflurane in air and maintained with
remifentanil (0.5 –2 Ag kg1 min1). Muscle relaxation
was achieved with mivacurium chloride (5 mg kg1 h1).
Lactated Ringer’s solution was given intravenously at a
maximum rate of 10 mL kg1 h1. For the infant monkeys,
the anesthesia protocol differed from that used for the
adult animals in the following aspects: (a) a 24-gauge
intravenous catheter was used; (b) no succinylcholine
chloride was used before intubation and (c) the remifentanil
and mivacurium chloride dosages were about one fifth of
the adult dosage. Physiological parameters (heart rate,
blood pressure, body temperature, blood oxygenation and
expiratory CO2) were monitored continuously and maintained within normal limits. Recovery from anesthesia
was achieved by withdrawing first the mivacurium
chloride and then the remifentanil; alertness and normal
respiration were typically restored after approximately
30– 40 min.

Fig. 1. (Left) The modified chair used to hold the infant monkeys during functional imaging. (Right) Views of the thermoplastic face moulds used to stabilize
the head.
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2.2. Visual stimuli and experimental design
We used a 100% contrast rotating checkerboard polar
pattern stimulus covering a large area of the central visual
field (308 horizontal238 vertical, centered on the fovea),
delivered binocularly through a fiber-optic imaging system
(Avotec). The spatial frequency of the stimulus was 308 per
cycle and the temporal frequency of rotation 1/6 Hz. We
presented the rotating polar stimulus for 48 s followed by a
48-s background stimulation (gray full-field stimulus at
the average luminance of the polar stimulus). The direction
of rotation of the polar stimulus was reversed every 5 s
from clockwise to counterclockwise. This stimulus-blank
sequence was repeated four times within a scan for a total
duration of 384 s. We collected data from two to three scans
in each session. This stimulus has previously been shown to
elicit robust activation in multiple areas of the visual cortex
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of the anesthetized monkey [16]. The procedures for
aligning the stimuli with the visual axes were as previously
described [16]. Contact lenses with the appropriate dioptric
power, as measured ophthalmoscopically and with a
modified fundus camera after the introduction of paralysis
for each scanning session, were used to make the animal’s
retinas conjugate with the visual stimuli.
2.3. Imaging
Experiments were conducted in a vertical 4.7-T scanner
with a 40-cm-diameter bore (BioSpec 47/40v, Bruker
Medical, Ettlingen, Germany). The system had a 50 mT/m
(180-s rise time) actively shielded gradient coil (Bruker,
B-GA 26) of 26 cm inner diameter. For the adult animals,
we used a custom chair and custom system for positioning
the monkey within the magnet [16]. For the infant monkeys,

Fig. 2. Functional maps of visual activation in two infant monkeys, each shown at two different ages. Activations [ P (corrected) b .001: yellow; P (corrected)
b .05: red] are shown on four sequential slices (superior to inferior). Note the increased activation of areas outside V1 at older ages.
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Fig. 3. Functional maps of visual activation in one adult monkey imaged at two ages.

we used the same system, but the animals were first
positioned in a smaller chair that was then stabilized within
this system (Fig. 1). Custom-made plastic head holders were
used for stabilizing the adult animals in the scanner
(surgical procedures as described previously [16]). The
use of head holders for the infant monkeys would have
required multiple surgeries due to continuous skull growth.
To avoid this, we used head moulds from thermoplastic
material (WFR/Aquaplast, Wycoff, NJ) that were prepared
before every scanning session in the younger animals and a
bite bar in the older ones. These procedures ensured
adequate stabilization of the infants in the scanner without
surgical intervention.
We collected 13–15 horizontal slices using multishot
(8) GE-recalled EPI images with a 128128 matrix
(11 mm2 resolution, slice thickness 2 mm, TE = 20 ms,
TR = 750 ms, FA= 408) using quadrature surface coils.
Anatomical images were acquired using a matrix of

256256 (0.50.5-mm resolution, inversion recovery-rapid
acquisition with relaxation enhancement).
2.4. Data analysis
MRI data were processed using the BrainVoyager 4.9
software. Preprocessing of all the functional data included
temporal high-pass filtering and removal of linear trends in
the BOLD signal. For each session, we identified the visual
areas that responded significantly more strongly ( P b.05,
corrected) to the rotating polar stimulus than to the blank
background stimulation. Statistical maps were calculated by
correlating the signal time course with a reference function
for each voxel based on known hemodynamic response
properties of the BOLD signal [17,18]. The borders of the
visual areas of interest (V1, V2/V3, V4, MT) were identified
based on anatomical criteria [19–22] and regions of interest
identified that contained all activated voxels ( P b.05,
corrected) within the borders of these areas.

Fig. 4. Averaged BOLD traces showing visual activation in area V1 in two infant monkeys studied longitudinally and three adult monkeys. Each trace is the
average of a number of scanning runs conducted on animals in the indicated age ranges; the responses to the four cycles of the stimulus have been averaged to
create a single-cycle response. The solid black traces show the actual percent BOLD signal; the dashed red traces have been scaled so that each trace has equal
power to facilitate comparison of the response waveform shapes.
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3. Results
Significant activations were obtained at even the
youngest ages studied (3–5 months). Fig. 2 shows activation patterns for the two infant monkeys at two ages.
Significantly stronger activations ( P b.05, corrected) were
recorded to the rotating polar stimulus than the blank
background stimulation in the retinotopic visual areas. Fig. 3
shows activation maps for the same stimulus in the
retinotopic areas for an adult monkey tested at two different
ages (4.9, 6.8 years). Similar results were observed at other

Fig. 6. Frequency-domain analysis of visual activation in three visual areas
in infant monkeys; format as in Fig. 4. The data for V1 (A) were obtained at
145 days, for MT/V5 (B) at 406 days, and for V4 (C) at 561 days.

Fig. 5. Frequency-domain analysis of visual activation in three visual areas
in an adult monkey. Each panel shows the signal recorded from V1 (A),
MT/V5 (B) and V4 (C). Within each panel, the red inset trace shows the
time course of the BOLD signal for the defined region of interest; the 384-s
stimulus period contained four cycles, each containing 48 s of patterned
visual stimulation and 48 s of blank. The histogram shows the DFT
amplitude spectrum of the red trace — the stimulus frequency is 0.0104 Hz.
The values SN and Mod give two figures of merit for each response that are
described in the text.

ages for the infant monkeys and in two more adult monkeys.
At first glance, it appears that activations in V4 and MT are
evident only at later ages in both infant monkeys. Yet, a lack
of activation in these regions can be also observed in adult
monkeys, as it is shown Fig. 3 (top) in a scan of an animal
4.9 years old. Over the last 8 years in more than 1000 scans,
in which responses to the same polar-transformed checkerboards were tested in more than 50 monkeys, activation of
the area V4 was evident in most and that of MT in the vast
majority of the sessions. Due to the small number of infant
monkeys tested in this study, and the lack of rigorous
collective statistical analysis of our adult monkey data,
however, we cannot exclude the possibility that the differences in the activation maps across scanning sessions reflect
differences in the physiological condition of the animals
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To provide a quantitative basis for comparison of visual
activation in animals of different ages despite the variations
in the overall BOLD amplitude evident in Fig. 4, we used a
frequency-domain analysis of the BOLD signal. Our
reasoning was that a number of factors might contribute to
changes in the absolute magnitude of the BOLD signal
with age, but that these factors should act equally on
visually activated and background components of the signal.
The results of this analysis are shown in Figs. 5 and 6.
Each part of these figures shows the time course of the
BOLD signal across the 384 s of the trial (shown in red in
units of percent modulation) and the amplitude spectrum of
this signal computed from a DFT (shown in black bars).
Because the stimulus contained four cycles of pattern and
blank, the fundamental stimulus frequency corresponds to
the fourth harmonic of the entire trial, or 0.0104 Hz. We
used two methods to compute a figure of merit for these
responses. The first, signal/noise contrast, takes the
relationship of the spectrum amplitude at the fundamental
stimulus frequency to the mean amplitude at the two
flanking frequencies (which are not harmonically related
to the stimulus frequency). To normalize this relationship
we take a contrast measure as
SN ¼
Fig. 7. Development of visual activation in three visual areas, V1 (red), V4
(blue) and MT/V5 (green). Data for V4 and MT/V5 have been offset
slightly for clarity. (A) Development measured using a contrast measure of
SNR, computed by taking the ratio of modulation at the stimulus frequency
to the mean of the two adjacent frequencies in the DFT. (B) Development
measured using a normalized measure of BOLD modulation at the stimulus
frequency, computed by taking the ratio of modulation at the stimulus
frequency to the square root of the total spectral power. See text for details.

under anesthesia that may have stronger effects on the
activation of higher extrastriate areas (e.g., V4, MT).
To further evaluate the activations for visual patterns
across age, we analyzed the time courses of activation in
all significantly activated voxels in areas V1, V4 and MT/
V5. For each scanning session, we computed the time
course of the fMRI response by averaging the data from all
the activated voxels within these regions. Area V1 was
activated in a robust and reliable manner in all scanning
sessions for both the infant and adult monkeys. Fig. 4
shows the time courses in V1 for different ages averaged
for the two infant monkeys and the time courses averaged
across the scanning sessions for the adult animals. There is
evident and robust visual activation of V1 even in the
youngest animals, with BOLD signal excursions in excess
of 2%. Curiously, the amplitude of the BOLD signal then
appears to decrease, dropping below 1% on average for
animals aged 9 –19 months. For the adult animals, the
signal was again large and robust. In part, the explanation
of this reduction may lie in the fact that the overall
recorded BOLD signal power measured at those ages was
found to be lower.

½ax  0:5ðax þ axþ Þ
½ax þ 0:5ðax þ axþ Þ

where a x is the BOLD amplitude at the fundamental
frequency, and a x- and a x+ are the amplitudes at the
adjacent frequencies. The second, normalized BOLD
modulation, is defined as
,
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X
Mod ¼ ax
a2i
i

where a i is the amplitude at frequency i.
Fig. 5 shows this analysis for three regions of interest for
a single scanning run in an adult monkey. The regions of
interest are defined in V1 (A), V5/MT (B), and V4 (C). The
BOLD traces show strong synchronized activation in each
area, and the spectra show corresponding peaks at the
stimulus frequency and its first few harmonics. The SN and
Mod measures for all three cases approach 1, indicating
strong visual driving of the BOLD signal.
Fig. 6 shows a similar analysis for three regions of interest
for three scanning sessions in the infant monkeys. Fig. 6A
shows robust visual activation in V1 measured at the age of
145 days. Fig. 6B shows somewhat weaker, but consistent
activation in MT/V5 measured at 406 days. Fig. 6C shows
activation in V4 measured at 561 days. The values of SN and
Mod in Figs. 6B and 6C are substantially lower than those in
the corresponding adult cases (Figs. 5B and 5C).
As suggested by Fig. 4, and by the individual traces in
Figs. 5A and 6A, we found strong visual activation in V1 in
monkeys of all ages. In V5/MT and V4, however, we did not
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find sufficiently reliable activation to quantify in the
frequency-domain analysis in the younger animals. To
visualize these trends, Fig. 7 shows the developmental
course of the SN and Mod measures (Fig. 7A and 7B) for all
three visual areas (red, blue, and green symbols). The
developmental progression of the SN measure shown in
Fig. 7A is basically flat for V1 (red), but the onset of
response is delayed and the first-measured responses are
relatively noisy in V4 and MT/V5 (blue, green). The Mod
measure shows a somewhat more graded development, in
which there seems to be a gradual improvement in the
measure with time in V1 (red) and more rapid improvements after delayed onset in V4 and MT/V5 (blue, green).
The difference between the developmental course of
SN and Mod appears to be due, as suggested by inspection
of the examples in Figs. 5 and 6, to a relative increase in
the BOLD activation at low frequencies near the fundamental compared to higher frequencies. This suggests that
it is BOLD noise — whose origin might be neural,
neurovascular or vascular — that contributes to the delayed
emergence of signals from extrastriate cortical areas.
4. Discussion
The most prominent result of the present study is that it is
possible to image visually evoked activity using standard
fMRI techniques in monkeys as young as 103 days. Given
the strength of the responses we observed in V1 of even the
youngest animals we tested, there is every reason to believe
that the BOLD fMRI technique could be used to study
visual development at even earlier ages. Our results also
show what appears to be a cascade of development, with
activation in extrastriate areas downstream of V1 emerging
only later in development. Obviously, an important question
is whether the differences we report here reflect the
maturation of the neural or the vascular system.
Evidently, several issues arise when attempting to
compare neural activations of infants — whether of
monkeys or humans — with those of adults, including the
concordance of functional maps, and the magnitude, latency
and time course of the hemodynamic responses themselves.
Over the last few years, a small number of studies begun to
address the confound of intergroup vascular differences by
comparing the hemodynamic responses of children and
adults during sensory stimulation or motor tasks [23–25].
These studies reported minor or no differences in the time
course or locations of activations; yet, the use of stimulation
or motor tasks confounds disparity in cognitive control and
performance with possible differences in vascular reactivity
and dynamics.
Vascular challenges, such as hypoxia and hypercapnia,
are alternatives to sensory stimulation by eliciting hemodynamic responses that are not derived from modulation of
neuronal activity alone. Hypercapnia was initially introduced in order to remove the effects of changes in cerebral
blood flow (CBF) and cerebral blood volume from those
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due to neural activation and its subsequent increases in
cerebral metabolic rate of oxygen (CMRO2); in other words,
in order to calibrate the BOLD responses [26]. However,
later on it was also used to study differences in vascular
reactivity between different individuals, between groups of
patients and controls, and groups of adults of different ages
(see, e.g., [27–29]). A most recent study provided the first
data on differences between children and adults. Thomason
et al. [30] examined changes in the BOLD fMRI signal
elicited by breath holding (BH) in children (7–10 years) and
adults (18–29 years). Differences were found in a number of
variables, including the ratio of activated gray to white
matter volume, the total volume of activation, the signal
intensity, and the signal-to-noise ratio (SNR). Notably, this
study reports that responses to BH in children were
systematically characterized by larger signal intensity and
increased noise [30].
Our findings of change in the amplitude of stimulusinduced modulation and in the normalized BOLD modulation as depicted in Fig. 7B are consistent with those reported
in children in the aforementioned study. The origin of
increased intensity and reduced SNR is currently not
known. One can hypothesize that CMRO2 is significantly
different in infants and adults, with the former having a
higher rate, which results to responses of greater amplitude.
An increased oxygen extraction fraction would add on to
this effect. Alternatively, infants may have a greater number
of activated cells per voxel. Given the strong dependence
of BOLD on perisynaptic processes [31], one would then
expect an increase in CMRO2, CBF and BOLD activation.
Decreases in different bands of EEG with age have been
indeed described for children [32,33]. In the case of such an
electrical activity-based hypothesis, one can further speculate that maturational processes, such as synaptic pruning
and increases of response selectivity, may reduce stimulusinduced neural activation and its subsequent BOLD
response. Increased response selectivity may also underlie
the reduction in noise that yields the increase in normalized
BOLD modulation in Fig. 7B.
In the infants, no session prior to about 14 months
produced significant activation in the areas V4 and MT/V5.
The apparent late development of activation in extrastriate
visual areas could be accounted for by any of the hypotheses
mentioned above, but it is not without precedent. Distler et al.
[9] found delayed maturation of dorsal stream areas relative
to V1 using a metabolic assay. Similarly, Rodman et al. [4]
provide physiological evidence for relatively late development of neuronal responsiveness in MT/V5. Further,
inferotemporal areas became physiologically responsive
several months after the dorsal stream areas. However, these
studies all found reliable visually driven neural activity in
extrastriate areas by 6–8 months after birth, somewhat earlier
than we find with fMRI. Moreover, Movshon et al. [7] found
robust responses from infant neurons in areas MT/V5 during
single unit recording under similar anesthetic conditions to
those used in the current study. The predominant difference
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between infant and adult responses at the single unit level
was extraordinarily long latency to first spike in infant
neurones. The source of the long latency is unclear.
However, the slow, potentially incoherent responses from
these neurones could render the population signal indistinguishable from noise and thus result in decreased BOLD
contrast effects.
In summary, the reliable visually evoked activation
observed in V1 across all ages rules out a general failure of
functional imaging as a method for studying visual development. Our demonstration of the feasibility of functional
imaging in young infant monkeys provides the basis for
future studies comparing the development of visual
behavior with that of brain organization in individual
animals. Further studies, perhaps combining imaging and
physiology, will be needed to provide definitive evidence
for a cascade of development within the visual pathways.
Continued development of this technology could provide the
opportunity to image neural activity simultaneously with
behavior in awake infant monkeys, thus allowing studies
of cognitive or motor function.
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