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Abstract: Neurochemistry of human cognition remains uninvestigated because neuroimaging techniques have limited 

ability to detect neurochemical changes associated with cognitive processing. In recent years investigators have used mo-

lecular imaging to develop methods for detection, mapping and measurement of neurotransmitters released acutely during 

cognitive processing in the live human brain. Most of these methods exploit the competition between endogenous neuro-

transmitter and a radiolabeled receptor ligand. Because of the competition, the ligand concentration decreasesin the brain 

areas where neurotransmitter is released endogenously during a task performance. The decreased concentration is detected 

by measuring the activity of intravenously injected radioligand using a PET camera. The PET data acquired dynamically 

isapplied to a receptor kinetic model, which estimates kinetic parameter values at multiple time point. Based on these val-

ues dopamine released during performance of a task is detected, mapped and measured. By using different ligands, dopa-

mine released inside or outside the striatum can be detected using this technique. The neurotransmitter imaging technique 

at present can detect acute changes only in dopamine neurotransmission. Since it significantly limits the scope, there is a 

need to develop methods and ligands for detection of acute changes in the levels of other neurochemicals. 
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Since neuroimaging techniques have limited ability to de-

tect changes in neurochemistry,there is an abundance of ana-

tomical data but relatively little information on neurochemi-

cal changes associated with cognitive processing. Lack of 

data on the chemical control of human cognition has signifi-

cantly impacted our understanding of cognitive processes, 

particularly because neurotransmitters have strong regulatory 

influence. Our understanding of human cognition will there-

fore remain incomplete until a reliable method to detect of 

neurochemical changes associated with cognitive processing 

is developed. 

In recent years investigators have developed a number of 

methods to detect acute changes in neurotransmission. Most 

of these methods are based on molecular imaging tech-

niques, which were used in the past to study chronic changes 

in conditions like Alzheimer’s disease [1-3] Parkinson’s dis-

ease [1, 4-6] disease and drug addiction [7-12]. In these stud-

ieschanges in receptor kinetic parameters were detected by 

administering a radiolabeled ligand and measuring its con-

centration by positron emission tomography (PET) or single 

photon emission computed tomography (SPECT) camera. 

Since a ligand binds to the receptors that are not occupied by 

its neurotransmitter, the amount of ligand binding is propor-

tional to the number of unoccupied receptors. This relation-

ship is exploited by the receptor kinetic models, for quantita-

tivemeasurement of receptor kinetic parameters. The meas-

urement essentially involves transformation of the ligand 

concentration to the number of receptors occupied by a neu-

rotransmitter. 

The ligand concentration acquired using the PET or 

SPECT, represents the amount of ligand bound to specific  
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receptors (specific binding) as well as the amount dissolved 

in the blood or bound to the plasma or tissue proteins (non-

specific binding). Since the ligand that is bound only to the 

receptors compete with endogenous neurotransmitter, it is 

necessary to measure the amount of ligand that is specifi-

cally bound to receptors. It requires isolation of specific 

binding from the total ligand concentration measured in the 

brain (Fig. 1).  

 

Fig. (1). Saturation binding experiment: Ligand bound to the recep-

tors (specific binding) is estimated by subtracting the amount of 

ligand dissolved in arterial blood from total binding measured in 

saturation binding experiments (see text for details). 

For isolation of specific binding, investigators have de-

veloped a number of kinetic models. These models explain 

how the ligand is distributed in the brain after intravenous 

administration. The most commonly used model (three-

compartment model) assumes that it distributes in three 

compartments (Fig. 2): the plasma compartment (in the arte-

rial blood); the nondisplaceable compartment (free and non-
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specifically bound ligand); and the receptor compartment 

(bound to the receptors). The nondisplaceable compartment 

consists of structures outside the receptor and includes the 

ligand dissolved in plasma and bound nonspecifically to the 

plasma or tissue proteins. According to this model the ligand 

concentration in the receptor compartment (specific binding) 

can be measured by subtracting its concentration in the 

plasma and nondisplaceable compartments from the total 

concentration. The model assumes a positive gradient be-

tween the plasma and tissue concentration of ligand, in the 

period immediately following intravenous injection. The 

gradient allows the ligand to move from the plasma to non-

displaceable and receptor compartments. It further assumes 

that theory of mass action explains the flow of ligand be-

tween different compartments. Thus, at equilibrium same 

amount of ligand flows in either direction, therefore, K1 

equals k2, and k3 equals k4. Ultimately K1 equals k4 (see 

Fig. 2). At this steady state, specific binding (B) can be 

measured using Michaelis-Menton equation. The equation 

however requires values of the maximum number of recep-

tors available to the ligand (Bmax), the concentration of free 

ligand (F), and equilibrium dissociation constant of the 

ligand (Kd). The dissociation constant Kd is the ratio of rates 

at which the ligand associates (Kon) and dissociates (Koff) 

from receptor sites, and it is defined as the concentration of 

ligand (expressed in units of moles/liter) that occupies half 

of the available receptors at equilibrium as shown in Fig. (3). 

The Michaelis-Menton equation describes the relationship 

between these values as follows: 

B =
Bmax*F

Kd +F
 

In molecular imaging studies a small amount (tracer 

dose) of ligand is administered to avoid pharmacological 

effect. Since ligands are either agonists or antagonists of the 

neurotransmitter receptor, at a higher dose these substrates 

alter neurotransmitter activity. Because small amount of 

ligand yields a very small value of F, this parameter is disre-

garded in the denominator of the above formula to get the 

following simplified formula:  

B =
Bmax*F

Kd
 

Thus, specific binding can be estimated if Bmax, Kd and 

F are known.  Since ligands are freely diffusible across blood 

brain barrier; at equilibrium its arterial blood concentration 

equals the free ligand concentration in the brain (F). Thus, 

the value of F can be determined by measuring the arterial 

concentration. The arterial concentration can also be used to 

measure the other two parameters: Bmax and Kd. The meas-

urement involves a saturation binding experiment in which 

total and the arterial concentration of the ligand are measured 

after different doses of ligand are administered (Fig. 1). To 

measure specific binding in these experiments, the arterial 

concentration is subtracted from the total binding. These 

values are then plotted on a graph to estimate Bmax and Kd 

using nonlinear regression as shown in Fig. (3). Once all 3 

values (Bmax, Kd and F) are available, specific binding is 

calculated using the above formula. 

 

Fig. (3). Bmax and Kd: Using data acquired in saturation binding 

experiments, Bmax and Kd can be estimated by plotting a regres-

sion graph between the binding and ligand concentration. 

In molecular imaging experiments specific binding is 

generally expressed in terms of binding potential (BP), 

which is the ratio ofspecific binding (B) and free ligand (F): 

BP=B/F 

After substituting value of B (Bmax*F/Kd) derived 

above, the equation is re-written as follows: 

BP =
B

F
=

Bmax

Kd
 

Thus, BP is defined as the ratio of maximum number of 

available receptors and dissociation constant of the ligand at 

equilibrium. Affinity of the ligand for larger receptor popula-

tion or smaller dissociation constant therefore increases the 

ligand BP. Conversely a reduction in the number of receptors 

available to the ligand to bind (either because of reduced 

receptor density or increased neurotransmitter occupancy) 

decreases the BP. Because of its dependency on a number of 

variables, the BP is considered a sensitive index of changes 

in the status of neurotransmission. 

Measurement of the BP using the above equation re-

quires collection of multiple arterial blood samples. It makes 

 

Fig. (2). Three-compartment model: The model explains dynamics of ligand distribution in the brain. 
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the procedure highly invasive and unsuitable for routine 

study. This limitation was addressed by developing simpli-

fied reference tissue model- the SRTM [13.14]. In this model 

the ligand concentration in a region of interest (ROI) is com-

pared with the concentration measured in a reference region. 

The reference region is assumed to have no receptor for the 

specific neurotransmitter (e.g. cerebellum in dopamine stud-

ies). The ligand concentration in this region therefore ap-

proximates the nonspecific binding. In this method specific 

binding in an ROI is estimated by subtracting the ligand 

binding of the reference region from the binding in the ROI. 

The ability of SRTM to measure BP without arterial 

blood sample was exploited for detection of acute changes in 

dopamine neurotransmission induced by pharmacological, 

behavioral and cognitive challenges. A number of experi-

ments have used this model to demonstrate that the BP of 

dopamine ligands raclopride [15-18] and fallypride [19-22] 

decreases significantly after acute administration of am-

phetamine. The SRTM was also used to demonstrate that 

dopamine is released in the striatum when volunteers play a 

video game [23]. In this experiment the BP measured while 

volunteers played the game was compared with that meas-

ured at rest. Lower BP during the play (as compared to the 

BP measured at rest) indicated dopamine release. This ex-

periment required two scans to determine dopamine release. 

This requirement reduced the sensitivity of detection because 

changes in the baseline levels of dopamine in the two scans 

(rest and play) cannot be accounted for. This method is 

therefore not used for detection of relatively small amount of 

dopamine released during processing of a specific cognitive 

task [24, 25].  

Small amount of dopamine released during cognitive 

processing can be detected accurately if all parameters are 

measured in a single scan session. Therefore, investigators 

proposed methods to measure changes in BP in a single scan 

session. Using one of these methods, BP measured during 

performance of a gambling task was compared with the 

simulated baseline BP which was computed using data ob-

tained from another group of volunteers [26]. This method 

also did not improve the sensitivity of detection because it 

used data obtained from a different group of volunteers. 

To accurately detect small amount of dopamine, it is nec-

essary to measure the control and activation BP from the 

same volunteers in the same scan session. An experimental 

design that includes 2 conditions (control and activation) in 

the same scan session however is not consistent with the 

assumptions of SRTM. It assumes that a steady physiologi-

cal state is maintained during the entire scan session. A 

change in the task condition violates this assumption. The 

model therefore cannot be used to measure BP in these ex-

periments. This problem could be resolved if the data ob-

tained during the scan are divided in two subsets, each corre-

sponding to the data acquired during the control and activa-

tion condition [15]. Since steady physiological state is main-

tained within each condition, SRTM can be used to analyze 

each dataset separately. The divided datasets however, do 

not provide adequate information needed to estimate the BP. 

These datasets therefore, are reconstructed to obtain two 

complete sets: one set representing the control (non-

activated) and the other representing test (activated) condi-

tion. The SRTM can now be applied to these datasets for 

estimation of the BP in each condition. A voxel-wise com-

parison of the BP measured in the two conditions allows 

detection and mapping of changes in induced by a cognitive 

or pharmacological intervention.  

Using this approach, it was demonstrated that ampheta-

mine decreases the BP of raclopride in non-human primates 

[15]. We used this approach to detect and map changes in the 

ligand BP in the human brain during processing of executive 

inhibition [27]. However, as discussed above, this approach 

requires reconstruction of data. This process requires a num-

ber of assumptions that can potentially introduce errors, par-

ticularly if a single algorithm is used to reconstruct data in 

all voxels, irrespective of their kinetic properties. These es-

timates therefore may not accurately measure changes in-

duced by the intervention. 

To resolve some of the above problems, we used a differ-

ent approach to measure acute changes in dopamine neuro-

transmission [28, 29]. We modified the algorithm that SRTM 

uses to measure receptor kinetic parameters. The modified 

algorithm eliminated the assumption of steady state and al-

lowed the model to accept changes in dissociation rate of 

ligand in response to an altered synaptic level of neuro-

transmitter. The modification involved introduction of a term 

exp( (t T )) • (t T )  in the dissociation parameter of 

SRTM. In the modified algorithm  represents the amplitude 

of ligand displacement,  accounts for the initial burst release 

of dopamine, t denotes the measurement time, T is the time 

of change in neurotransmitter level, and  is the unit step 

function. In this model the least squares fitting procedure on 

a voxel-by-voxel basis is used to estimate receptor binding 

parameters and . The modified model (linear extension of 

simplified reference region model; LE-SRRM) allows esti-

mation of parameters that describe ligand transport and bind-

ing, and the time dependent effects elicited by the task. The 

differential equation describing the model for instantaneous 

concentration history of the ligand has the following form: 

PET (t) R CR (t) + k2 CR

0

1

(u)du k2 PET (u)du (u T )e (u T )PET (u)du
0

1

0

1  

where, CR is the concentration of radioligand in a region de-

void of specific binding (reference region), PET is the con-

centration of radioligand in a voxel with specific binding, R 

is the ratio of transport rates for the binding and reference 

regions, k2 describes the clearance of nonspecifically bound 

tracer from the voxel, and k2a includes information about 

dissociation from the receptor,  represents the amplitude of 

transient effects, t denotes the measurement time, T is the 

task initiation time and (u-T) is the unit step function. 

Using this model we detected, mapped and measured do-

pamine released during performance of a number of cogni-

tive and behavioral tasks. These tasks include, implicit and 

explicit motor memory [30, 31], emotional processing [32, 

33], motor planning [29], executive inhibition [27], explicit 

memory and executive processing [34]. 

In these experiments volunteers (while positioned in the 

PET camera) received a single intravenous bolus of a spe-
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cific dopamine receptor ligand at high specific activity. Im-

mediately after the injection, the control condition of a cog-

nitive task and the PET data acquisition at 30-60 sec inter-

vals started. The control condition was administered for 20-

25 min. Thereafter it was switched to the test condition (ac-

tivation condition), which continued for another 10-30 min. 

In a series of experiments we evaluated sensitivity and speci-

ficity of the acquired using this approach. These experiments 

confirmed that the technique is sensitive and specific to the 

task-induced release of dopamine in the striatum [28, 29]. At 

this stage, it was not possible to detect dopamine outside the 

striatum because the ligand 
11

C-raclopride used for the detec-

tion binds and displaces in detectable quantity only in the 

areas where the receptor density is high [15-18, 35]. Since it 

was a major limitation of the method we started looking for a 

ligand that can be detected in low receptor density areas.  

It was found that the ligands that have high affinity for 

dopamine receptors bind in detectable quantity outside the 

striatum [36]. But endogenously released dopamine cannot 

physically displace a high affinity ligand from receptor sites. 

It however, does not mean that these ligands cannot be used 

to detect dopamine. In molecular imaging experiments 

ligands are probably never physically displaced by neuro-

transmitters. Since the ligand and neurotransmitter rapidly 

associate and dissociate with the receptors, additional dopa-

mine released after an intervention always finds an unoccu-

pied receptor [37]. Moreover, the ligand binding is based on 

the number of available unoccupied receptors and not on its 

physical displacement from receptor sites. Thus, irrespective 

of the affinity, neurotransmitter released following an inter-

vention decreases ligand binding, by reducing number of 

unoccupied receptors. Experimental confirmation of this 

concept was obtained by showing that the binding of a high 

affinity ligand 
18

F-fallypride reduces significantly after am-

phetamine is injected intravenously in animals and healthy 

volunteers [19-22].  

This confirmation prompted us to use fallypride for de-

tection of dopamine released outside the striatum. In a recent 

experiment [33] we found that the ligand displaces from re-

ceptor sites at a higher rate during emotional processing. The 

rate was significantly higher in the amygdala, hippocampus 

and prefrontal cortex. Since numerous earlier studies have 

implicated these areas in emotional processing, the experi-

ment suggested that fallypride could be used to detect dopa-

mine released acutely in extrastriatal areas. Recently, another 

laboratory used this ligand and our receptor kinetic model 

(LE-SRRM) to detect dopamine released in the thalamus 

during processing of an attentional task [38]. In the fallyp-

ride experiment the ligand saturated extrastriatal receptors 

within 10-15 after an intravenous injection. The receptors in 

the high-density striatal areas however do not saturate in a 50 

min experiment. It takes several hours to saturate receptors 

in the striatum. Because of this reason, fallyprideis not a 

good ligand to study striatal dopamine, particularly because 

by the time it saturates striatal receptors, its extrastriatal con-

centration reduces to undetectable level.  

These experiments demonstrate that dynamic molecular 

imaging methods can reliably detect and map dopamine re-

leased anywhere in the brain during a task performance. This 

measurement should provide critical information concerning 

nature of dysregulated neurotransmission in psychiatric and 

neurocognitive conditions.  

Following is a brief description of dynamic molecular 

imaging experiments in which dopamine release was de-

tected, mapped and measured in the striatal [32] and ex-

trastriatal [33] areas during emotional processing in healthy 

volunteers and patients with posttraumatic stress disorder.  

Detection of Striatal Dopamine 

In this experiment [32] volunteers received an intrave-

nous injection of the ligand 
11

C-raclopride at high specific 

activity. Immediately after the injection an emotional task 

was initiated. The task consisted of a control and a test con-

dition. In the control a list of emotionally neutral words (e.g., 

Park, Pencil) was shown and volunteers were asked to indi-

cate the intensity of emotion elicited by each word in a scale 

of 1-3. After 25 min (test condition) neutral words were re-

placed by emotional words (e.g., Fire, Blood). In both condi-

tions stimuli were presented for 4500 msec. During the ex-

periment, PET data were acquired dynamically. Analysis of 

these data revealed that the rate of ligand displacement in-

creased significantly in the head of caudate, and in the mid-

dle of putamen bilaterally during presentation of emotional 

stimuli (Fig. 4). This result suggest that striatal dopamine is 

released during emotional processing and confirmed that 

changes in dopaminergic activity induced by emotional 

processing can be detected using dynamic molecular imag-

ing method. 

 

 

 

 

 

 

 

Fig. (4). Dopamine was released in the head of caudate (left panel) 

and middle of the putamen (right panel) bilaterally during emo-

tional processing. Emotional task was initiated 25 min after the 

ligand injection (vertical line). The t-map (center) shows striatal 

area where significant change in the rate of ligand (
11

C-raclopride) 

displacement was observed after task initiation. The rate did not 

change significantly in the reference region (lower curve in the left 

panel).  

Detection of Dopamine Outside the Striatum 

Since the ligand 
11

C-raclopride cannot detect dopamine 

outside the striatum [15, 17, 18], in this experiment we used 

a high affinity dopamine receptor ligand 
18

F-fallypride [33]. 

Immediately after the ligand injection the emotional task 

described above was administered. Analysis of PET data 

indicated significant increase in the rate of ligand displace-

ment in extrastriatal areas that are implicated in emotional 

processing [39-44]. These areas included the amygdala, me-

dial temporal lobe and ventral prefrontal cortex (Fig. 5). 

Since we found dopamine release in the same extrastriatal 

areas that are implicated in emotional processing, the results 

demonstrate that 
18

F-fallypride can be used to detect and map 
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dopamine released outside the striatum during task perform-

ance. 

 

Fig. (5). The t-maps and time-activity curves show significant in-

crease in the rate of ligand (
18

F-fallypride) displacement after initia-

tion of an emotional task. The increase was observed in the medial 

temporal lobe (top left), amygdala (top right), and inferior frontal 

gyrus (bottom left). The time-activity curves show the ligand con-

centration and least square fits (solid line) in the activated regions 

and in the cerebellum (bottom right), which was used as a reference 

region. The rate of displacement did not change significantly in the 

reference region after task initiation (vertical lines).  

Group Differences 

To examine whether dynamic molecular imaging can be 

used to detect changes in two groups of volunteer, we re-

peated the above experiment in patients with post-traumatic 

stress disorder (PTSD). Since emotional processing is im-

paired in these patients, we expected a different pattern of 

dopamine release. The preliminary results indicate that do-

pamine is released only in 2 striatal areas as opposed to 4 

areas in healthy volunteers [32]. In addition to reduced num-

ber of activated area, the ligand BP was also lower in pa-

tients. These findings indicated reduced dopamine release in 

PTSD. This experiment demonstrated that dynamic molecu-

lar imaging method could be used to detect differences in 

dopamine neurotransmission in the two groups of volunteer. 

Future Directions 

The dynamic molecular imaging technique could be an 

important tool to study neurochemical changes associated 

with cognitive, affective and behavioral processing in 

healthy human brain and in psychiatric and neuropsychiatric 

conditions. Since the technique is currently at developmental 

stage, it can only be used to study dopamine neurotransmis-

sion. Future, because the brain processing involves multiple 

neurotransmitters and neuromodulators, it is important to 

develop and identify ligands that are suitable for detection of 

other neurochemicals.  

The inability to simultaneously detect multiple neuro-

transmitters is another important limitation of the technique. 

Since most brain processes involve multiple neurotransmit-

ters and neuromodulators, it is important for this technique to 

have the ability to detect multiple neurochemicals simulta-

neously. This will further enhance its utility in cognitive re-

search. Another area that needs attention is enhancement of 

temporal resolution. If models and methods to detect tempo-

ral sequence of events are developed, the dynamic molecular 

imaging technique can be used to identify neural networks 

that process brain functions.  
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