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Introduction

The human midbrain and pons contain nuclei of major neurotransmitter systems 
that send long-range projections to regulate brain activity in cortical and subcortical 
structures (Foote and Morrison 1987). Despite being small structures, these nuclei 
are critically implicated in a very wide range of cognitive and bodily functions, and 
their dysfunction plays an important role in a number of neurological and neuropsy
chiatric conditions. Hence, there is considerable interest to develop functional MRI 
(fMRI) approaches that permit imaging their activity in health and disease.
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In this chapter, we will focus on the dopaminergic and noradrenergic nuclei in 
the midbrain and will not touch upon other neurotransmitter systems such as the 
serotonergic and cholinergic systems. This is because dopaminergic and noradren
ergic neurons are rich in neuromelanin content enabling them to be readily iden
tifiable with MRI. In contrast, the boundaries of serotonergic and cholinergic cell 
populations in the midbrain cannot be easily visualized, and consequently there are 
considerable  uncertainties  in  terms  of  their  identification  in  structural  and  func
tional imaging.

We will first consider the functional anatomy of the dopaminergic and noradren
ergic systems and how the activity of these neurons is regulated. We will continue to 
discuss the technical difficulties of measuring blood oxygenation level-dependent 
(BOLD) responses in this part of the brain and highlight possible sources of BOLD 
responses in dopaminergic and noradrenergic populations. We then discuss the pos
sible relationship between BOLD responses in these structures and neurotransmitter 
release in target regions. Note that this chapter will not provide a comprehensive 
review of the cognitive functions of the dopaminergic and noradrenergic systems, 
since these have been reviewed elsewhere (e.g. Aston-Jones and Cohen 2005a, b; 
Montague et al. 2004; Sara 2009).

Dopaminergic Neurons in the midbrain: Substantia Nigra/
Ventral Tegmental Area

The majority part of the estimated 400,000 dopamine (DA)-producing neurons 
reside in the midbrain and consist of three cell groups: retrorubral field (cell 
group A8 in the rat nomenclature), substantia nigra (SN) pars compacta (A9) 
and ventral tegmental area (VTA) (A10). These cell groups are largely continu
ous, with A10 and A8 forming dorso-medial and caudo-lateral protrusions of A9, 
respectively. At caudal levels of A9, A8 and A10 are continuous with each other. 
Given this continuity, the terms A8, A9 and A10 primarily specify subdivisions 
of one coherent dopaminergic cell complex (e.g. Beckstead et al. 1979; but also 
see McRitchie et al. (1996) for subtle differences in cell orientation, size and 
density between these cell groups). Further DA neurons are located in nearby 
regions such as the hypothalamus, periaqueductal grey, rostral linear nucleus 
and dorsal raphe.

Dopaminergic cell groups A8–A10 differ somewhat more in terms of connectiv
ity and molecular makeup than in terms of anatomical separation within the mid
brain. However, there are also differences between subregions of each cell group. 
In one scheme of parsing A8–A10, A9 is defined by substance P input from the 
striatum (Gibb 1992). More generally, dorsal parts of A8–A10 receive input from 
the ventral striatum and amygdala.
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SN/VTA Connectivity

A striking functional aspect of the anatomical organization of connectivity between 
the SN/VTA and striatum is to allow interfacing limbic, goal-directed and motor-
related information by anatomically integrating information across limbic, cogni
tive and motor circuits in striato-nigro-striatal (SNS) pathways (Haber et al. 2000). 
This is thought to be accomplished by striatal input to A8–A10 and projections back 
to the striatum, being organized in a spiralling fashion, such that information may 
flow from more medial (limbic) to more lateral (motor) striatal regions (Haber et al. 
2000). This striato-nigral loop is paralleled by a topographic organization of cortical 
inputs to the striatum that form the link to cortically-based processes.

Phasic dopaminergic responses, which are believed to be a behaviourally rele
vant mode of dopaminergic neuron activity, require input from neighbouring meso
pontine midbrain structures. Primary among these are the laterodorsal tegmentum 
(LDT) and the pedunculopontine nucleus (PPN, also referred to as the pedunculo
pontine tegmental nucleus) (Grace et al. 2007; Mesulam et al. 1989). Both nuclei 
provide cholinergic, glutamatergic and gamma-aminobutyric acid (GABA)ergic in
put to the SN/VTA. The glutamatergic input from the PPN is held to be necessary 
to elicit bursting, although depends on a permissive ‘gating’ input from the LDT 
(Lodge and Grace 2006). Hence, in fMRI studies, it is plausible that activity which 
extends beyond the SN/VTA complex may derive from accompanying processes of 
those midbrain structures. Co-activation of structures outside the SN/VTA however 
does not necessarily imply methodological problems in imaging the SN/VTA. Un
fortunately, unlike the SN/VTA, both the PPN and LTD are difficult to identify ana
tomically using MRI. According to the atlas by Mesulam et al. (1989), the human 
PPN is enveloped by the rostal superior cerebellar peduncle in the caudal midline 
and the LDT is located within the central grey area. Histologically, the boundary 
between the LDT and the PPN is defined by a concave line extending from the first 
melanized neurons of the locus coeruleus (LC), along the medial longitudinal fas
ciculus to the midline.

Noradrenergic neurons in the midbrain: locus coeruleus

The LC is a tube-shaped nucleus located in the rostral pontine brainstem. It begins 
rostrally within the ventrolateral central gray substance, at the level of the inferior 
colliculus, and extends caudally to a position in the lateral wall of the fourth ven
tricle, spanning a distance of roughly 16 to 17 mm with a diameter of 2 to 4mm 
(Fernandes et al. 2012). The LC is one of several midbrain noradrenergic nuclei 
and the sole source of noradrenergic innervation to the neocortex and hippocampus 
(Foote and Morrison 1987; Sara 2009; Samuels and Szabadi 2008). It is composed 
of a relatively small number of neurons (total ca. 45.000). Similar to the SN/VTA, 
the LC is also subject to cell loss during healthy ageing (about 10% per decade) as 
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well as pathological ageing (Parkinson’s and  Alzheimer’s disease) (German et al. 
1988; Manaye et al. 1995; Bannon and Whitty 1997; Zarow et al. 2003).

LC Connectivity

Although the LC is a comparatively smaller structure than the SN/VTA, the regional 
specificity of its innervations is likely less than dopamine neurons. That said, norad
renergic input to certain brain regions can be surprisingly selective in primates: in 
the visual cortex for instance, there is a striking absence of noradrenergic fibers in 
lamina IV, where this lamina receives serotonergic innervation (Foote and Morrison 
1987). Also,  there  is a notable absence of projections  to  the basal ganglia  (apart 
from the core of the NAcc; Berridge and Waterhouse 2003). For some noradrener
gic neurons, axon collaterals coinnervate functionally related thalamic and corti
cal areas. It has therefore been suggested that LC neurons contribute to coordinate 
modalityspecific sensory processing (Berridge and Waterhouse 2003).
Anatomical studies in monkeys show that prefrontal inputs to the LC come pri

marily  from  the orbital  frontal  cortex  (OFC)  (extending  into  the  anterior  insular 
cortex)  and  anterior  cingulate  cortex  (ACC).  In  fact,  these  two  regions  seem  to 
be  the major cortical  inputs  to  the LC, with  little  input  from other cortical areas 
(reviewed in AstonJones and Cohen 2005a). The neurotransmitter responsible for 
mediating the prefrontal LC modulation may be glutamate given that NmethylD
aspartate (NMDA) and kainate injection into the LC increases noradrenaline release 
in  the prefrontal cortex (PFC)  to over 200 % of control  levels (Van Gaalen et al. 
1997). The LC also receives an input from the central nucleus of the amygdala (for 
a review, see Samuels and Szabadi 2008) which is likely to mediate the release of 
noradrenaline in response to emotional valence, anxiety and stress (see below ON 
pericerulear dendritic zone as a further input zone to the LC). The hypothalamus 
sends various projections to the LC including GABAergic projections from the ven
trolateral preoptic area, an  input  from the paraventricular nucleus with  the excit
atory neurotransmitter corticotrophinreleasing factor (CRF), orexinergic excitatory 
inputs from the lateral hypothalamus and histaminergic inhibitory projections from 
the  tuberomammillary nucleus. Furthermore,  there are dopaminergic  inputs  from 
the SN/VTA,  projections  from  the  serotonergic  raphe nuclei,  cholinergic  projec
tions from the PPN and LDT in addition to projections from the periaqueductal gray 
(for a review, see Samuels and Szabadi 2008). Finally, it has been suggested that the 
rostral ventrolateral medulla, a region that plays a key excitatory role in increasing 
sympathetic tone, may coordinate peripheral nervous system and LC responses to 
motivationally or emotionally significant events (Nieuwenhuis et al. 2011).

Pericerulear Dendritic Zone

The total unilateral area of the LC proper, which contains the somata of LC neu
rons, ranges from 32.8 to 17.2 mm2 if regions with lowest cell densities are mea
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sured (64 year old to 104 year old individual; German et al. 1988). However, an 
important anatomical and functional feature of this nucleus is that the LC proper is 
surrounded by a shell of LC neuron dendrites (Fig. 20.1) (Swanson, 1976) termed 
the pericerulear zone (Aston-Jones et al. 1995). The pericerulear zone is rich in 
GABAergic neurons which project to the LC neurons and likely provide inhibition 
to the LC noradrenergic system (Aston-Jones et al. 2004). There are prominent 
inputs to the peri-LC region from areas that influence LC activity but do not have 
dense projections into the cell-dense region of the LC. For example, the medial PFC 
(mPFC), dorsomedial hypothalamus, medial preoptic area, dorsal raphe and central 
amygdala, all project densely to the medial peri-LC region but relatively little to the 
LC nucleus proper (Aston-Jones et al. 1995, 2004). It is apparent that inputs to the 
pericerulear zone are integrated in an inhibitory interneuron pool before modulating 
LC activity, however the functional implications of this type of integration for LC 
activity remains to be established (Aston-Jones et al. 2004). The size of the perice
rulear dendritic zone is approx 500 µm in rats and likely of similar size in humans 
(Aston-Jones et al. 1995).

Fig. 20.1  Anatomy of the LC. a High in-plane resolution T1-weighted MRI of the upper pons. 
Arrows point to the neuromelanin-containing locus coeruleus (LC). (Siemens Trio, B0 = 2.9 T, 
8-channel head coil, turbo spin echo, echo train length =3, TE = 10 ms, TR = 634 ms, axial oblique 
slices orthogonal to the floor of the fourth ventricle, 0.5 x 0.5 mm2 in-plane resolution, 2.5-mm 
slice thickness, 0.5-mm slice gap, FoV = 192 mm, 384 × 384 matrix, eight averages). b The perice
rulear zone: a composite drawing of Golgi–Cox-impregnated neurons in the left LC of a rat as 
seen in the frontal plane. Long thin dendrites of virtually all LC neurons extend outside the cellular 
limits of the nucleus. Scale bar is 50 µm. (Adapted from Swanson (1976)). c Dark-field photo
micrographs of frontal sections through the rat LC stained with an antibody against dopamine 
hydroxylase showing the pericerulear dendritic net surrounding LC. Left image is a caudal section 
and right a rostral section. Scale bar is 500 µm. FoV field of view, TE echo time, TR repetition 
time. (Adapted from Aston-Jones et al. 2004)
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Structural Identification of the SN/VTA, PPN and LC

In recent years, the development of MRI protocols suitable to visualize differ
ent mesencephalic nuclei was mainly driven by the goal to characterize structural 
changes in neurodegenerative pathology, such as Parkinson’s disease, or to localize 
targets for stereotactic neurosurgery. More recently, with improved resolution of 
fMRI protocols, structural identification has become an important prerequisite to 
enable anatomically specific assessment of activity of these nuclei. In the following, 
the localization of some relevant anatomical structures is briefly described.

In T2- or T2*-weighted images, the red nucleus (RN) is the most salient and 
readily identifiable anatomical structure due to its high iron content, large size and 
almost spherical shape. A similar iron-related hypointensity is also found in the 
substantia nigra pars reticulata (SNr); (Figs. 20.2 and 20.3). The SNr is adjoined 
dorsally by the substantia nigra pars compacta (SNc) which engulfs the anterior, 
inferior and lateral aspects of the RN. The SNc has a lower iron content than the 
SNr allowing to distinguish both structures (Eapen et al. 2011; Martin et al. 2008). 
Moreover, the postero-superior part of the SNr adjoins the iron-rich subthalamic 
nucleus (STN) which renders a clear delineation of these difficult nuclei. Ultra- 
highfield structural imaging protocols at 7 T enable the delineation of the STN from 
the SN (Forstmann et al. 2010; Schäfer et al. 2011).

Fig. 20.2  High in-plane resolution T2- and T1-weighted MRI of the mesencephalon. Arrows 
point to the iron-rich substantia nigra pars reticulata (SNr) appearing hypointense in T2-weighted 
images shown in the left column. Arrow heads depict the neuromelanincontaining substantia nigra 
pars compacta (SNc) appearing hyperintense in T1-weighted images shown in the middle column. 
Images on  the  right  side depict slice positions. (Siemens Trio, B0 = 2.9 T, 8 channel head coil, 
turbo spin echo, echo train length 3, 2.0-mm slice thickness, 0.6 x 0.6 mm2 in-plane resolution, 
no gap, FoV = 192 mm, 320 × 320 matrix; T2 weighting: TE = 117 ms, TR = 3 s, three averages; T1 
weighting: TE = 10 ms, TR = 675 ms, eight averages). VTA ventral tegmental area, TE echo time, 
TR repetition time, FoV field of view
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In addition to iron, neuromelanin is an important endogenous contrast factor 
in midbrain MRI. Neuromelanin is highly concentrated in the LC and SNc (Zecca 
et  al. 2004). Paramagnetic metal ions that are bound to neuromelanin affect T1 
relaxation times (Enochs et al. 1989). The LC and SNc appear hyperintense in T1-
weighted MRI (Enochs et al. 1989; Sasaki et al. 2006). Figure 20.2 presents  an 
example showing T2- and T1-weighted images of the mesencephalon with slices 
tilted downwards by 45° to the AC–PC (Anterior Commissure-Posterior Commis
sure) plane. This angulation improves the visibility of the SN, since the latter is 
intersected roughly perpendicularly (Oikawa et al. 2002). Figure 20.3 shows very 
high-resolution structural imaging of the SN/VTA at 7 T (also see Eapen et al. 2011) 
in conjunction with functional imaging activation in response to novelty.

For visualization, selection of the correct of MR contrast alone may be insuf
ficient. Indeed, the voxel geometry must also be adapted to the anatomy of interest 
in order to minimize partial volume effects without compromising signal-to-noise 
ratio (SNR). This is particularly relevant to the LC. Despite its small size, the LC 
can be exactly localized if T1 weighting (e.g. T1-weighted fast spin-echo imaging, 
see Sasaki et al. 2006) is combined with slices oriented perpendicular to the floor 
of the fourth ventricle and high in-plane resolution owing to its high neuromelanin 
content (as shown in Fig. (20.1). Furthermore, standard T1-weighted 3D Gradient 
Echo (GE) imaging is also well suited to identify the LC.

Fig. 20.3  Very high-field functional and structural imaging of the SN/VTA at 7 T. Single-subject 
activation by novel stimuli in an experimental paradigm adapted from Krebs et al. (2009). In the 
T2* image (T2* GE with an in plane resolution of 0.35 × 0.35 mm2; slice thickness 1.5 mm), dark 
areas are rich in iron content. Red, blue and green dotted lines delineate the approximate putative 
borders of the pars reticulata of the substantia nigra (SNr, green) and the pars compacta of the 
substantia nigra (SNc) with its dorsal (SNcd, red) and ventral (SNcv, blue) tiers and including the 
ventral tegmental area (VTA). Note that the ventral tier of the SNc can protrude into the SNr. a, b 
and c show increased BOLD responses to novel as compared to familiar images of indoor/outdoor 
scenes. Activations are located in the dorsal tier of the SNc a, the ventral tier of the SNc b and in a 
retrorubral region c that may correspond to the so-called midbrain reticular field. Note the draining 
vein located in the vicinity of activation cluster c. The orange arrow displays a proposal by Haber 
et al. (2000) and Haber and Knutson (2010) that a functional gradient exists in the connectivity of 
the SN/VTA and striatum which runs from dorsomedial to ventrolateral
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It is important to consider that the abovementioned contrasts can be enhanced, 
attenuated or even absent, since iron and neuromelanin concentrations are subject 
to change with age and pathology independent of the observed cell loss (Manaye 
et al. 1995; Sian-Hulsmann et al. 2010; Zecca et al. 2004). Finally, in addition to 
these standard MR contrasts, magnetisation transfer contrast can also be exploited 
to improve the visibility of the basal ganglia including the SN (Chowdhury et al. 
2013; Helms et al. 2009; see Chen et al. 2014 for simultaneous imaging of the SN/
LC). However, very often and especially for small nuclei a direct visualization is all 
but impossible. Then, one is compelled to localize a nucleus by indirect anatomical 
inference based on landmarks in combination with brainstem atlases (Naidich 2008; 
Paxinos and Huang 1995) as, for instance, described for the pedunculopontine teg
mental nucleus (Zrinzo and Zrinzo 2008; Zrinzo et al. 2008).

The PPN is an elongated collection of neurons in the lateral pontine and mes
encephalic tegmental reticular zones occupying the pontomesencephalic junction 
(Paxinos and Huang 1995; Zrinzo et al. 2008). Its long axis is roughly parallel to 
that of the fourth ventricle floor and the rostral pole of the PPN lies at mid-inferior 
collicular level. The PPN extends ca. 5 mm caudally to the level of the rostral pons. 
Its estimated location is depicted in Fig. 20.4.

EPI Signal Voids and Image Distortions

The main difficulty for extrinsic pathway inhibitor (EPI) in the midbrain results 
from the sphenoid sinus, a large air-filled cavity of about 2 × 2 × 2 cm3 located an
terior to the brainstem. Therefore, gradient-echo EPI-based BOLD imaging in the 
mesencephalon is vulnerable to signal loss, BOLD sensitivity loss and image defor
mation. These types of image degradation and their effects on the detectability of 
neuronal activity are well understood so that, the same strategies to enhance EPI im
age quality in cortical regions (Deichmann et al. 2002, 2003; Weiskopf et al. 2006, 
2007a) are also effective in the mesencephalon. An appropriate slice angulation 

Fig. 20.4  The MRI location of the PPN. T1-weighted MR images from planning software show
ing the atlas-based localization of PPN in horizontal, coronal and sagittal (from left  to  right) 
planes. (Reproduced with kind permission from Zrinzo et al. 2008)
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is of utmost importance. The popular transversal prescription parallel to the AC–
PC plane leads to rather poor EPI images in the midbrain. The 45° downward tilt 
mentioned above for optimal structural imaging of the SN is even more unfavour
able because in this case the mesencephalon and the sphenoid sinus lie in the same 
plane. An upward tilt of at least 20° relative to the AC–PC line seems advantageous. 
The significant amount of geometric distortion that is still observed in this slice 
prescription can be reduced to a large extent by distortion correction methods that 
take into account the local point spread function (mainly the local shift in phase 
encoding direction) of the applied EPI sequence (Zaitsev et al. 2006; In and Speck 
2012; for an analysis of standard distortion correction algorithms, see Hutton et al. 
2002). Lowest geometric distortions in the midbrain are found in slice orientations 
more or less parallel to the brainstem. As a general recommendation, it is helpful to 
compare EPI images with high-resolution anatomical scans measured in the same 
image position and angulation to validate that the quality of the former is sufficient 
to differentiate major midbrain structures.

In addition to optimizing acquisition parameters to reduce signal loss and distor
tions in the midbrain, functional imaging protocols often have to find a compro
mise that also allows functional imaging of anatomically and functionally related 
brain regions. For the SN/VTA, for instance, acquisition protocols often need to 
be optimized to allow imaging of the orbito-frontal cortex, the basal ganglia and 
the hippocampus. An acquisition protocol that reduces BOLD sensitivity loss usu
ally employs several methods addressing the different susceptibility-induced field 
gradients. A high resolution intrinsically reduces signal loss by reducing dephas
ing across the voxel (Weiskopf et al. 2007b; Merboldt et al. 2001; Robinson et al. 
2004). The choice of resolution may be guided by the size of the structure to be re
solved, acquisition speed and the relative impact of physiological noise on the data 
acquisition (Triantafyllou et al. 2005). An appropriate z-shim gradient counteracts 
susceptibility-induced field gradients through the slice. An optimal slice angula
tion (Deichmann et al. 2003) and phase-encoding gradient polarity (De Panfilis 
and Schwarzbauer 2005) reduce the BOLD sensitivity loss due to in-plane suscep
tibility-induced field gradients. Different methods combining these approaches are 
appropriately described in the literature (Weiskopf et al. 2006; Rick et al. 2010). 
Geometric distortion can be reduced by application of parallel imaging, faster EPI 
readout using high-performance gradient systems (e.g. a head gradient system) and 
most commonly by image post-processing (Hutton et al. 2002; Zaitsev et al. 2006; 
In and Speck 2012, see comments before).

Motion Artifacts and Physiological Noise

Compared to susceptibility effects and localization errors, motion is a secondary is
sue for midbrain fMRI as long as only the heartbeat-correlated pulsatile cranio-cau
dal motion of the brainstem needs to be considered, I.E., if rigid body head motion 
is effectively suppressed or corrected for. Studies of brain motion with different MR 
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techniques (Enzmann and Pelc 1992; Soellinger et al. 2007) consistently reported a 
cranio-caudal movement as the main motion mode of the midbrain with peak dis
placements smaller than 0.2 mm and peak velocities equal or smaller than 2 mm/s. 
Generally, the brainstem motion pattern is very constant and tightly coupled to the 
cardiac cycle with minor respiratory modulation. Although the brainstem is a part 
of the brain that exhibits the strongest pulsatile motion, the overall degradation of 
image quality is tolerable in standard 3T protocols due to the small size of displace
ments compared to the typical fMRI voxel sizes of 3–4 mm3 down to 1.5 mm3. In 
this context, it is instructive to mention that in high-resolution MR imaging, sharp
ness clearly improves with smaller isometric voxel sizes down to at least 0.6 mm3 
as can be nicely demonstrated in the finely ramified cerebellum, a part of the brain 
that exhibits a similar pulsatile motion as the brainstem. Note that because the main 
direction of pulsatile movement in the brainstem and midbrain is cranio-caudal, im
age quality will be less affected in the axial plane than in sagittal or coronal planes.

The physiological mechanisms that cause pulsatile brain motion and changes in 
cerebrospinal fluid (CSF) pressure are not yet fully understood but may be related, 
for instance, to the expansion of the choroid plexus. In the context of fMRI in the 
VTA region, it has been suggested that such ‘brainstem structures are near large 
pulsatile blood vessels that create physiological movement artifacts and consequent 
magnetic field inhomogeneities’ (D’Ardenne et al. 2008). Figure 20.5 shows at very 
high resolution using 7 T, how pontine and midbrain structures topographically re
late to the major arteries, the basilar artery, the superior cerebellar artery and the 
posterior cerebral artery. It is evident from this figure that the SN/VTA structures, 

^��
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Fig. 20.5  Major arteries in the midbrain. MR-angiography data (gradient-echo time-of-flight mea
surement; TR = 20 ms, TE = 4.95 ms, flip angle = 25°) are co-registered with and overlaid on the 
same T2* image (T2* GE with an in-plane resolution of 0.35 × 0.35 mm; slice thickness 1.5 mm) 
as  in Fig. 20.3. Red arrow depicts  that  the most caudal and medial aspect of  the SNr could be 
affected by the PCA. BA basilar artery, SCA superior cerebellar artery, PCA  posterior  cerebral 
artery, TE echo time, TR repetition time
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the PPN and the LC are unlikely to be directly affected by pulsatile movements 
caused by these vessels. In particular, the most medial aspect of the SN/VTA, which 
is likely to incorporate VTA neurons, is not in the vicinity of either of these vessels. 
However, the most caudal and medial portion of the SNr may be affected by pulsa
tile movements of the posterior cerebral artery (red arrow in Fig. 20.5). In terms of 
the LC, motion-related artefacts may arise as a result of pulsation within the fourth 
ventricle (Astafiev et al. 2010). Hence, in the midbrain and brainstem, cranio-caudal 
displacement (ca. 0.2 mm) due to CSF pulsation is likely to be the main source of 
motion-related image blurring. Regarding functional imaging of the midbrain, the 
respiratory cycle can cause magnetic susceptibility changes within the brain tissue 
(in addition to possible cardiac-related artifacts), and both sources of noise might 
also interact (Brooks et al., 2008; Harvey et al. 2008). In order to reduce the interfer
ence of physiological noise, many midbrain fMRI studies use cardiac gating (e.g., 
D’Ardenne et al. 2008) to collect data in-between heartbeats. Alternative techniques 
based on independent measurement of the cardiac and respiratory cycles have been 
developed that model and remove structured noise from fMRI (e.g., Glover et al. 
2000; Hu et al. 1995; see also Brooks et al. 2013; Limbrick-Oldfield et al. 2012 for 
an overview).

Intersubject Normalization

An important question is whether the spatial normalization of the SN/VTA and LC 
is sufficiently accurate across individuals to allow a meaningful group analysis of 
functional imaging data (see, for instance, D’Ardenne et al. 2008). We assessed this 
question using data from an fMRI experiment for which we had also collected high-
resolution magnetization transfer images (Guitart-Masip et al. 2011). We manu
ally traced the SN/VTA on the magnetization transfer images (see Fig. 20.6) and 
then applied the same spatial transformation parameters that were used to normal
ize the functional images. We used the unified segmentation algorithm available in 
the statistical parametric mapping (SPM; Ashburner and Friston 2005) to perform 
normalization of the fMRI data. This has been shown to achieve good intersubject 
co-registration for brain areas such as the caudate, putamen and brainstem (Klein 
et al. 2009). Each resulting normalized regions of interest (ROI) was converted into 
a binary image file, which was averaged across all individual ROIs from 18 partici
pants. The final resulting image is a frequency map of the overlap between normal
ized ROIs. As can be seen in Fig. 20.6, the images from the vertical centres of the 
ROIs demonstrate that the overlap between subjects is very consistent (80–100 %) 
in both the ventro-medial and dorsolateral portions of the SN/VTA. A novel method 
to achieve accurate automated segmentation of the human brainstem suitable for 
quantitative analyses has also been recently reported (Lambert et al. 2013).

The accuracy of spatial normalization and inter-subject co-registration has also 
been assessed for the LC. Schmidt et al. (2010) identified the location of the LC on 
high-resolution T1-weighted images (similar to Fig. 20.1a), manually outlined the 
LC and used the group mean location of the LC to assess whether functional activity 
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changes overlapped with it anatomically. In addition, they assessed whether the re
sults would replicate with a different spatial normalization procedure optimized for 
the brainstem (Napadow et al. 2006) and applied the same normalization procedure 
to the fMRI data also. Although the results confirmed an overlap of fMRI activation 
and the location of the LC, the results differed slightly between the two normaliza
tion methods. Importantly, these results were also contrasting to a previous report 
on this topic from the same group based on a standard template atlasbased estima
tion of LC location (Schmidt et al. 2009). Astafiev et al. (2010) observed that group 
averages based on a brainstem atlas template showed a close match of individual 
brainstem outlines to the template with low variability across individuals of the LC 
coordinates in the MNI152 (the Montreal Neurological Institute) atlas. Variability 
was greatest along the dorsocaudal axis. Also see (Keren et al. 2009) for spatial 
normalization of the LC for group studies.

Fig. 20.6  Spatial normalization of the SN/VTA across participants in an fMRI experiment (exam
ple based on data from Guitart-Masip et al. 2011). SN/VTA ROIs were manually segmented on 
individual ( N = 18) magnetization transfer (MT)-weighted images (1 mm3 resolution) in native 
space. Then, the same spatial transformation parameters that were used to normalize the functional 
images were applied. Each resulting normalized ROI was converted into a binary image file and  
averaged across all individual ROIs. The final resulting image is a frequency map of the overlap 
between normalized ROIs. In native space, the superior limits of the ROIs were difficult to iden
tify, causing some variability in the vertical extent of the ROI (note that this is only a problem 
related to the manual–visual delineation of the ROIs and would not affect the overlap of voxels in 
these regions). Therefore, the most superior slices are not included in these frequency maps. The 
images from the vertical centres of the ROIs demonstrate that the overlap between subjects is very 
consistent (80–100 %) in both the ventro-medial and dorso-lateral portions of the SN/VTA
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In a recent 7T ultra-high field fMRI study, we also assessed accuracy of inter-
subject normalization for the LC (Maass et al. OHBM annual meeting 2014). Func
tional data were acquired with 1 mm3 isotropic resolution (40 axial slices covering 
the hippocampus, SN/VTA and LC). A high-resolution group-specific template was 
created (using Advanced Normalization Tools, “ANTS”; Avants et al. 2011, 2010) 
based on the individual T2-weighted structural images as these allow good visuali
sation of hippocampal subfields and the SN/VTA. LC Masks were drawn manually 
for each subject on T1-weighted Gradient Echo images (3D GE; 0.75 mm3) and 
normalized on the T2 template. In a subsequent landmark-based registration (using 
ROI-ANTS), the individual LC masks and a thresholded mean template LC mask 
were used as priors for improved normalization of the LC. The resulting optimized 
alignment parameters were then again applied on each LC mask and each GE image 
and a normalized average LC map and GE image were calculated. As can be seen 
on Fig. 20.7, the landmark-based registration yielded good registration accuracy 
for the LC (at the cost of non-brainstem cortical regions). Additional midbrain and 

Fig. 20.7  Possible sources of a hemodynamic BOLD response in fMRI studies in relation to SN/
VTA afferents and efferent activity. 1 Local field potentials (LFPs) by glutamatergic inputs onto 
tonically active dopamine (DA) neurons, 2 LFPs by glutamatergic inputs onto silent DA neurons, 
3 Burst-firing DA neurons, 4 LFPs by inhibition of GABAergic inputs onto DA neurons, 5 LFPs 
by GABAergic inputs onto DA neurons, 6 DA release by burst-firing DA neurons, 7 DA release by 
tonically active DA neurons. Red arrows: glutamatergic inputs; blue arrows: GABAergic inputs; 
discontinuous blue arrows: inhibited GABAergic inputs; brown arrows: DA release by burst firing 
(thick) and tonically active (thin) neurons; orange circles: tonically active DA neurons; orange/red 
circles: burstfiring neurons white circles: silent DA neurons. PFC prefrontal cortex, Acc nucleus 
accumbens, GP globus pallidum, Hb habenula, VTA ventral tegmental area, SNc substantia nigra 
pars compacta, SNr substantia nigra pars reticulata, RMTg GABAergic rostral medial tegmental 
nucleus. Note that phasic and tonic DA projections are only exemplified for the PFC and the 
nucleus accumbens respectively to illustrate that PFC inputs to the SN/VTA do not necessarily 
elicit a phasic DA release in the nucleus accumbens (there is also phasic DA release in the nucleus 
accumbens and tonic release in the PFC which are not displayed). (Figure modified from Duzel 
et al. 2009)
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hippocampal landmarks can furthermore improve normalization for all regions of 
interest.

One problem that particularly occurs in high-resolution fMRI studies, includ
ing those of the brainstem, is the within-subject alignment of the functional scans 
(usually partial volumes) with the high-resolution structural image (whole brain or 
also partial volume) as images have low anatomical overlap, different modalities 
(T2 vs. T1) and different distortions. A recent study (Limbrick-Oldfield et al. 2012) 
challenged this problem by suggesting a novel four-step registration pathway that 
includes two additional intermediate whole-brain structural scans (a whole-brain 
EPI and a whole-brain T2-weighted image) prior to transformation of functional 
data to a T1 high-resolution structural image. Additionally, transformation of func
tional images to the whole-brain EPI was optimized by weighted registration with 
a manual mask of the midbrain/pons. This optimised pathway improved the co-
localisation of the RN across participants on the standard brain template.

PPN, LDT and the Functional Regulation of DA Neurons 
Firing

The PPN is a glutamatergic–cholinergic region driven by limbic afferents, including 
the PFC and extended amygdala, and activated by auditory, visual and somatosen
sory stimuli. Studies in rodents show that the PPN selectively controls the bursting 
of DA cells rather than their tonic resting activity (Floresco et al. 2003). Also, in 
rodents, PPN neurons respond to single sensory events from different modalities 
including auditory and visual, with burst firing at latencies that are short enough to 
precede burst-firing responses in DA neurons consistent with a PPN to DA transmis
sion of information (Pan and Hyland 2005). Currently, it is unclear to what extent 
PPN responses to sensory events are modified by contextual factors or condition
ing and hence would show similar response patterns as burst firing in DA neurons 
or simply relay accurately timed and attended sensory information. For instance, 
there is evidence that most PPN neurons do not distinguish between conditioned 
and unconditioned cues (only a small fraction does) under conditions when DA 
neurons do distinguish (Pan and Hyland 2005), but under some circumstances can 
code context- and reinforcement-related information (Dormont et al. 1998). Hence, 
the possibility remains that under circumstances that are not yet fully understood, 
PPN may be responsive to the same experimental contrasts that are used to study 
DA activity from the SN/VTA.

As for the LDT, recordings in rodents indicate that a functional input from the 
LDT is essential for burst firing of DA neurons in vivo (Lodge and Grace 2006). 
Also since the LDT receives a substantial input from the medial prefrontal cortex 
(mPFC) (Sesack et al. 2003), this region provides a powerful indirect means for 
the PFC to affect mesolimbic DA neuron activity, given the absence of a direct 
PFC–mesolimbic DA neuron projection (Sesack et al. 2003): prefrontal glutamer
gic input targets only those DA neurons (but not GABAergic neurons) that project 
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to the PFC while not targeting DA neurons (but GABAergic neurons) that project 
to the nucleus accumbens (NAc). DA neurons that project to the PFC have higher 
baseline firing rates, fire more action potentials in bursts, and have a higher turnover 
and metabolism of DA and may be more sensitive to mild stressful stimuli. These 
features may reflect the nature and content of PFC input to mesoprefrontal DA neu
rons (Sesack et al. 2003).

There is a possibility that PFC inputs to SN/VTA cause activation of mesopre
frontal DA neurons, while through GABAergic mechanism cause inhibition of me
solimbic DA neurons (Sesack et al. 2003). As pointed out by Sesack et al. (2003), 
this implies that prefrontal hypofunction, for example, in schizophrenia, would de
crease DA input to the PFC while causing a hyperdopaminegic state in mesolimbic 
structures (also see Carlsson et al. 2000). Thus, theoretically, functional imaging of 
LDT and SN/VTA activity and their covariation with PFC activity could provide 
a means to distinguish prefrontal activity that targets mesoprefrontal DA circuitry 
from those that targets mesolimbic DA circuitry.

Possible Sources of BOLD Responses in DA Neurons

There is now converging evidence that fMRI of the SN/VTA can be used to make 
inferences about DA release (for a review, see Duzel et al. 2009). Of course, any 
link between fMRI BOLD activation of the SN/VTA region and dopaminergic neu
rotransmission is necessarily indirect and subject to a number of caveats (Duzel 
et al. 2009). For instance, the precise location and extent of BOLD responses in 
the SN/VTA are somewhat uncertain due to draining venules (see Fig. 20.3) in the 
regions of interest. Despite such difficulties, there is converging support for a rela
tively strong relationship between the SN/VTA fMRI response and DA release. In 
rhesus monkey, striatal BOLD responses evoked by amphetamine, a drug that en
hances DA release, are correlated with the number of DA neurons that survive a 
neurotoxic lesion of the SN/VTA (Zhang et al. 2006). In humans, SN/VTA BOLD 
responses to reward-predicting stimuli were positively correlated with reward-relat
ed DA release in the NAc, as indexed by [11C]raclopride positron emission tomog
raphy (PET; Schott et al. 2008).

A key question in relating fMRI responses in the SN/VTA to dopaminergic neu
rotransmission is what aspect of neural responses in the SN/VTA is most likely to 
be represented in the fMRI signal (see Fig. 20.8). The fMRI BOLD image contrast 
is an indirect measure of neuronal activity that is based upon changes in deoxyhe
moglobin concentration in response to neuronal dynamics at the cellular and micro
circuitry level (Friston 2008; Goense and Logothetis 2008; Ogawa et al. 1992). Co-
recordings of local field potentials (LFPs), multi-unit activity and fMRI signals in 
the visual cortex of anesthetized (Logothetis and Wandell 2004) and awake (Goense 
and Logothetis 2008) monkeys indicate that the BOLD response correlates with 
postsynaptic LFPs. To a large extent, these LFPs reflect postsynaptic membrane 
voltage oscillations resulting from excitatory presynaptic input and local, somato
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dendritic integrative processes (Logothetis and Wandell 2004). The presynaptic in
puts can originate from a different neuronal population or belong to intrinsic (or 
recurrent) connections from the same area (Goense and Logothetis 2008).

Robust BOLD responses can be observed in correlation with LFPs even in the 
absence of neural spiking (Logothetis and Wandell 2004). Therefore, although LFPs 
and neural spiking are often robustly correlated (Logothetis and Wandell 2004), 
there is a possibility that SN/VTA LFPs elicit a SN/VTA BOLD response while 
the firing of dopaminergic neurons does not change or even decreases. To what 
extent such a scenario is physiologically plausible in the SN/VTA is unclear. To our 
knowledge, there are no publications from rodents and non-human primates that 
have compared SN/VTA LFPs and neural firing in rodents (personal communica
tion, Anthony Grace) and non-human primates. So, it is unclear to what extent SN/
VTA LFPs and dopaminergic firing are indeed correlated in response to motivation
ally salient events. However, it is interesting to note that in the rodent SN/VTA, the 
number of afferents and intrinsic connections is not as large as it is in the cortex 
(Anthony Grace, personal communication). This may suggest that particularly in 
the SNc, where ca. 70 % of neurons are dopaminergic, DA neuron firing could be 
closely correlated with BOLD responses to afferent input.
In Fig. 20.8, we have summarized a number of plausible physiological mecha

nisms that may contribute to SN/VTA BOLD responses. Given the lack of decisive 
physiological evidence from animal studies, it is premature to pinpoint one par
ticular mechanism from Fig. 20.8 as driving SN/VTA BOLD responses. However, 
for novel or reward-related stimuli, the most parsimonious mechanism to elicit an 
SN/VTA BOLD response is afferent glutamatergic drive (from the PFC or meso
pontine nuclei) onto dopaminergic neurons (number 1 in Fig. 20.8). To what extent 
such BOLD responses spatially overlap with phasic dopaminergic responses will 

Fig. 20.8  Functional gradient from valence to action within the SN/VTA. Blue triangles indicate 
individual subject peak maxima (from an SN/VTA ROI) for an fMRI contrast (based on unpub
lished data from Guitart-Masip et al. 2011) involving the anticipation of having to perform a go 
response (to obtain a reward or to avoid a punishment) versus a nogo response (to obtain a reward 
(gaining money) or to avoid a punishment (losing money)). Red triangles indicate individual sub
ject peak maxima (from an SN/VTA ROI) for an fMRI interaction response between valence and 
action (higher responses for go/reward and nogo/avoid-losing compared to go/avoid-losing and 
nogo/reward). The first-level contrast for every subject was thresholded at p < 0.05. The data indi
cate that valence-related anticipatory activation patterns involve more medial parts of the SN/
VTA, whereas action-related anticipatory activation patterns involve more lateral aspects
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depend on whether glutamatergic inputs and the size of the tonically active popu
lation spatially overlap with burst firing (e.g. Joel and Weiner 2000, number 3 in 
Fig. 20.8) and whether glutamatergic drive onto the silent population of DA neurons 
(i.e. neurons that are not tonically active because they are inhibited by GABAergic 
projections from the ventral pallidum; number 2 in Fig. 20.8) can cause a BOLD 
signal. With respect to inhibition, the effects of GABA on the BOLD response in 
other brain regions (Chen et al. 2005) suggest that GABAergic projections from the 
ventral pallidum should decrease SN/VTA BOLD.

Dopamine neurons responses to aversive events

A small percentage of DA neurons (1–14 %) have also been found to respond to 
aversive stimuli (Mirenowicz and Schultz 1996). Furthermore, juxtacellular label
ling showed that some DA neurons in the VTA were excited by strong footshocks 
in anesthesized rats (Brischoux et al. 2009), whereas others were inhibited (Brown 
et al. 2009). In monkeys, Matsumoto and Hikosaka (2009) found that a substantial 
fraction of DA neurons in the dorsolateral SN/VTA is responsive to conditioned 
cues predicting aversive events (airpuffs); in contrast, those in more ventromedial 
portions of the SN/VTA are inhibited by aversive stimuli (Matsumoto and Hikosaka 
2009). The existence of subgroups of dopamine neurons that are sensitive to aver
siveness is still debated. Evidence from recent studies of the primate ventral mid
brain suggests that dopamine neurons, although they are suppressed by evidence 
against reward, are insensitive to aversiveness (Fiorillo 2013; Fiorillo et al. 2013). 
The authors examined the response diversity in rhesus macaques to appetitive, aver
sive, and neutral stimuli having relative motivational values that were measured and 
controlled through a choice task value. They found that short latency activation of 
dopamine neurons by aversive air puff is related to its high sensory intensity, not 
its aversiveness (as claimed by Matsumoto and Hikosaka, 2009). Examining firing 
rates at longer latencies (150–250 ms), they did not find clear evidence for a sub
group of neurons activated by aversiveness (Fiorillo et al. 2013). The authors argue 
that the same neurons exhibit both reward-related activation as well as suppression 
to a wide variety of stimuli (appetitive, aversive, and neutral) with no existence of 
discrete subpopulations of neurons. 
Inhibition  of  dopaminergic  firing  could  be  associated with  increased  afferent 

glutamatergic drive onto inhibitory interneurons in the SN/VTA and related increase 
in LFP power. Another possibility is that inhibition of dopaminergic firing is regu
lated by input provided by the lateral habenula. This nucleus provides SN/VTA DA 
neurons with a negative reward-prediction signal through the fasciculus retroflexus 
(Matsumoto and Hikosaka 2007), and it is likely that this signal is conveyed by the 
GABAergic rostral medial tegmental nucleus (RMTg; Jhou et al. 2009, number 8 
in Fig. 20.8). In such a scenario, a decrease with DA release would be associated 
with a GABAergic inhibition of DA neurons and hence would be accompanied 
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by a decreased BOLD response in the SN/VTA. Hence, with aversive stimuli, it 
is conceivable that BOLD responses can show regional increases (excitation of 
GABAergic interneurons in the SN/VTA) and decreases (GABAergic input from 
RMTg) whereby BOLD responses and DA release may dissociate (see Fig. 20.8). 
In humans, mild aversive outcomes caused by an absence of reward or mild loss 
of money did not evoke significant decreases of SN/VTA BOLD in a previous 3T 
fMRI study (D’Ardenne et al. 2008). However, we found that the anticipation of 
losses can lead to an increase in SN/VTA activity if the loss can be avoided by mak
ing an appropriate action (Guitart-Masip et al. 2011). Very recently, a human fMRI 
study by Hennigan et al. (2015) reported robust activation to aversive relative to 
neutral events in two regions of the ventral SN/VTA and in the habenula. Further
more, aversive processing increased functional connectivity between the VTA and 
the habenula, putamen, and mPFC. It remains to be tested whether such increases 
in BOLD would be associated with increased dopamine release in a comparative 
PET study.

Functional Gradients of BOLD Responses within 
Putatively Different SN/VTA Projection Pathways

There is converging evidence that SN/VTA dopaminergic neurons projecting to dif
ferent targets are regulated by different afferents, suggesting subsets of SN/VTA DA 
neurons may participate in separate circuits (Fields et al. 2007). This is indicated 
by regionally dissociable effects of VTA stimulation with compounds specifically 
increasing DA levels in the PFC but not in the NAc (e.g. Margolis et al. 2006) and 
others causing an increase in the NAc and a decrease in the PFC (Takahata and 
Moghaddam 2000). There is a possibility that PFC inputs to the SN/VTA cause 
activation of mesoprefrontal DA neurons, while through GABAergic mechanisms 
cause inhibition of mesolimbic DA neurons (Sesack et al. 2003). As pointed out 
by Sesack et al. (2003), the implication of this is that prefrontal hypofunction, for 
example, in schizophrenia, would decrease DA input to the PFC while causing a 
hyperdopaminegic state in mesolimbic structures (also see Carlsson et al. 2000).

In fMRI studies, this functional segregation could explain functional disso
ciations between SN/VTA novelty and reward BOLD responses. For instance, in 
healthy young adults, the personality trait of novelty seeking was positively cor
related with SN/VTA activation elicited by novel cues that did not predict reward, 
whereas the personality trait of reward dependence was correlated to activations 
elicited by novel cues that predicted reward (Krebs et al. 2009). Furthermore, nov
elty consistently activates the SN/VTA but not the NAc (Bunzeck and Duzel 2006; 
Bunzeck et al. 2007; Schott et al. 2004; Wittmann et al. 2007; Krebs et al. 2011), 
while rewards and stimuli predicting rewards reliably activate both (D’Ardenne 
et al. 2008; Krebs et al. 2009; O’Doherty et al. 2004; Tobler et al. 2007; Wittmann 
et al. 2005, 2008; Krebs et al. 2011). One reason for this may be technical: novelty-
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related DA release may be restricted to the accumbal shell and the shell–core tran
sition zone (Rebec et al. 1997), an area that is anatomically more variable across 
individuals and technically more problematic in terms of fMRI analysis (Ahsan 
et al. 2007). Another possibility is that SN/VTA novelty responses are driven more 
strongly by PFC inputs (which inhibit mesolimbic DA projections) than reward-
related SN/VTA responses. These possibilities could be assessed with optimized 
fMRI protocols and PET studies of prefrontal DA release. A third factor that may 
contribute to the selectivity of novelty-induced responses in the NAc is lateral in
hibition within the SN/VTA (van Oosten et al. 2005). A regional dissociation of 
novelty- and reward-related midbrain activation has been demonstrated by high-
resolution fMRI at 3T (Krebs et al. 2011). While distinct clusters within caudal 
medial SN/VTA and the more lateral portion of the right SN were predominantly 
modulated by the anticipation of reward, a more rostral portion of the medial SN/
VTA was exclusively modulated by novelty. In addition, novelty increased reward-
anticipation responses in the caudal medial SN/VTA.

As displayed in Fig. 20.3, an additional type of functional gradient spans across 
the dorsal and ventral tiers of the SNc and pertains to the connectivity of the SN/
VTA with the striatum (Haber et al. 2000; Haber and Knutson 2010). This gradient 
runs from the dorsomedial part of the SN/VTA (which contains mostly SNc-dorsal 
tier and VTA neurons) to the ventrolateral part of the SN/VTA (which contains 
mostly SNc-ventral tier neurons). According to Haber et al. (2000) and Haber and 
Knutson (2010), this gradient reflects a spiralling connectivity pattern where the 
most dorsomedial aspects are connected with the medial striatum and the most ven
trolateral  aspects  are  connected with  the  dorsal  striatum.  Such  a  dissociation  of 
anatomical connectivity with the striatum between dorsomedial and ventrolateral 
SN/VTA subregions has been recently shown by means of diffusion tensor imag
ing (Chowdhury et al. 2013) in humans. While a dorsomedial region of the SN/
VTA preferentially connected to the ventral striatum, a more ventrolateral region 
connected to the dorsal striatum and these connectivity patterns also differentially 
mapped onto reward dependence personality traits. According to Haber et al. (2000) 
and Haber and Knutson (2010), this spiralling gradient of connectivity may provide 
an anatomical basis for linking the valence of choices, coded in the dorsomedial 
part of the SN/VTA, to actions, coded in the ventrolateral aspect of the SN/VTA.  
Whilst currently available structural and functional imaging resolutions at 3 T do 
not allow the detections of the dorsal to ventral aspect of this gradient, the resolu
tion is sufficient to detect a gradient from medial to lateral aspects. In a recent fMRI 
study, we investigated the possibility of such a gradient (Guitart-Masip et al. 2011). 
We manipulated subjects’ requirement to emit or withhold an action orthogonally to 
the subsequent receipt of reward or avoidance of punishment. During anticipation, 
a lateral region within the SN/VTA showed a dominant representation of action over 
valence. A more medial part of the SN/VTA responded preferentially to valence 
(with opposite signs depending on whether action was anticipated to be emitted 
or withheld). As shown in Fig. 20.9, this pattern was highly replicable across indi
vidual participants.
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These findings revealed that it is indeed possible to observe functional gradients 
in the human SN/VTA and are highly compatible with the predictions from of ana
tomical work in non-human primates. It can be anticipated that with the advent of 
7-T imaging, improved spatial and functional resolution will enable us to investi
gate such gradients with more detail.

Possible Sources of BOLD Responses in LC Neurons

Since the LC can be localized with good accuracy (Fig. 20.1), this nucleus seems 
to be as suitable as the SN/VTA to relate the localization of BOLD activations to its 
true anatomical position and thereby make inferences regarding the involvement of 
noradrenaline in cognitive processes. Before considering the feasibility of such an 
approach, we will first consider the typical firing patterns of LC neurons.

During quiet wakefulness, LC neurons fire tonically at a regular slow rate (~2–
5 Hz) and fire at a diminished rate during drowsiness and slow-wave sleep (Aston-
Jones and Bloom 1981; Berridge and Waterhouse 2003). Electrophysiological stud
ies in behaving primates and rodents reveal phasic neuronal activity increases of 
LC neurons prior to target responses in oddball tasks, but not to motor responses 
unrelated to targets (Aston-Jones et al. 1994). Also, LC neurons respond phasically 
to reward, punishment and feedback indicating changes in stimulus–reinforcement 
contingencies (e.g. extinction or reversal; Aston-Jones et al. 1997; Bouret and Sara 
2004; Sara and Bouret 2012). Firing in the LC has therefore been suggested to 
represent a form of ‘neural interrupt signal’ that supports adaptation to changing 
environmental imperatives (Sara & Bouret 2004; Yu & Dayan 2005). As with DA 
neurons, the latency of phasic LC neuron responses is very short, within around 
~100 ms (Aston-Jones et al. 1994).

It appears that LC neurons also have two firing modes, a tonic and a phasic mode 
(for a review, see Aston-Jones and Cohen 2005a, b). However, unlike with DA neu
rons, these two firing modes are assumed to be mutually exclusive, although evi
dence is still fairly scarce (Aston-Jones et al. 1997; Aston-Jones & Cohen 2005b). 
In the phasic mode, LC neurons fire tonically slowly but exhibit phasic activity in
creases to task-relevant stimuli, whereas in the tonic mode, they fire tonically more 
rapidly and show no phasic response to task-relevant stimuli (Aston-Jones and Co
hen 2005b). It has been suggested that the phasic mode mediates good performance 
in tasks that require selective attention, whereas the tonic mode promotes an ability 
to disengage from the current task and orient towards other goals and alternatives 
(Aston-Jones and Cohen 2005a).

The OFC and anterior cingulate cortex (ACC) may inform the LC about out
comes of decisions and actions and thus drive phasic responses, and they may also 
regulate transitions between tonic and phasic modes by informing on the utility of 
engaging in the current task (phasic more) or shifting towards a tonic mode so as 
to would favour exploration of alternatives (reviewed in Aston-Jones and Cohen 
2005a).
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For fMRI studies of the LC, it is important to consider the aforementioned 
observation that LC neurons have a tonic and a phasic mode (for a review, see 
Aston-Jones and Cohen 2005a, b). Depending on the requirements of the experi
mental paradigm, these two firing modes can lead to situations where LC activity 
is elevated over longer periods of time without showing phasic responses to task-
related stimuli (tonic mode), or has low baseline levels and shows prominent phasic 
activity to task-relevant stimuli (phasic mode). Therefore, similar to DA neurons, 
therefore, it will be important to develop fMRI models to identify long-lasting tonic 
increases in LC activity and short-lasting phasic activity patterns. Furthermore, the 
addition of pupillometric measures may also help to disentangle tonic and phasic 
LC responses in fMRI studies. Electrophysiological recordings in monkeys show 
that phasic firing in the LC is related to phasic pupil dilations (Joshi et al. 2013). 
Additionally, tonic pupil dilations have been associated with tonic discharges in the 
LC (Nieuwenhuis et al. 2011). Thus, pupil diameter changes present a measure with 
higher temporal resolution that may allow the differentiation of phasic and tonic 
effects of LC activation.

Another important issue to consider is the existence of the pericerulear zone 
as depicted  in Fig. 20.1. This zone extends roughly 500 µm in rodents and may 
be similar in size in humans (Aston-Jones et al. 1995). As mentioned earlier, this 
region receives inputs from numerous brain regions (including the mPFC and the 
central nucleus of amygdale) that have very little direct input to the LC proper. It 
is difficult  to predict whether  the net effect of  these afferents  to  the pericerulear 
zone will have excitatory or inhibitory effects on LC neurons and hence will be 
associated with increased or decreased release of noradrenaline in projection target 
regions. It is evident, however, that afferent input to the pericerulear zone could lead 
to fMRI BOLD responses that extend well beyond the LC proper, possibly activat
ing a region as large as at least 500 µm (Fig. 20.1). Due to these aforementioned 
considerations, these extended activations surrounding the LC cannot be taken as 
indicators of being related to an excitation of LC proper. Hence there is consider
able uncertainty as to whether such extended activations would be associated with 
release of noradrenaline in target regions. For a discussion of these complexities,  
see Astafiev et al. (2010).

With these considerations in mind, it is evident that adequate functional imaging 
of LC activity will require ultrahigh resolution with optimally ≤ 500 µm in plane 
resolution in the horizontal plane. This is possible if the resolution in the sagittal 
plane is approximately 2 mm corresponding to a total voxel volume of 0.5 mm3. 
Such a resolution is currently feasible with 7-T scanners. In previous studies report
ing activity in the LC (Minzenberg et al. 2008; Schmidt et al. 2009; Clewett et al. 
2014) functional resolutions were considerably larger with isotropic voxel sizes ≥ 2 
mm3 (and were combined with extensive spatial smoothing using Gaussian kernels 
≥ 5mm) and hence there is considerable uncertainty as to whether these previously 
reported activations were specific to LC.

In our recent 7T ultra-high field fMRI study (Maass et al. OHBM annual meeting 
2014) we measured activity within the LC, SN/VTA and hippocampus with 1mm3 
isotropic resolution (see also paragraph “Inter-subject normalization”). Notably, we 
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found strong activation in various brainstem regions including the LC (the cluster 
matched the group LC mask) but also in distinct regions close to the LC (possibly 
resembling PPN or reticular formation). This further highlights the importance of 
high functional resolution and accurate alignment within and across subjects, which 
can be optimized, for instance, by label-guided registration. However, for highest 
anatomical precision activation estimates should be derived from individual ana
tomical masks in native space, avoiding smoothing and normalization.

Summary and Outlook

To measure the compound signal of the SN/VTA complex which has a volume of 
about 350–400 mm3 (Ahsan et al. 2007), fMRI voxel sizes of approximately 3 mm3 
isotropic seem to provide sufficient resolution as this will allow to sample around 
20–25 voxels from this region. However, to assess functional dissociations between 
SN and VTA in humans, to identify functional gradients with the SN/VTA (Guitart-
Masip et al. 2011) or to distinguish between activity in the dorsal and ventral tiers 
of the SN/VTA, high-resolution fMRI (voxel sizes of 1.5 mm3 and smaller) is de
sired, particularly when combined with spatial priors (Harrison et al. 2008) about 
the distribution of dopaminergic neurons, gradients of connectivity and functional 
gradients. Combining high-resolution fMRI and PET is another promising avenue 
particularly if both modalities can be registered simultaneously and modelled to
gether on a trial-by-trial basis. This approach would inform to what extent regional 
SN/VTA BOLD responses lead to DA release in different target regions (note that 
this requires radioactive PET ligands that are sufficiently sensitive to detect DA 
release outside the striatum). Finally, multivariate pattern classification algorithms 
(e.g. Norman et al. 2006) can inform whether spatially distinct neural response pat
terns in the SN/VTA can distinguish different types of motivationally salient events 
(e.g. rewards, novelty, aversive events).

To our knowledge, the pool of ‘silent’ DA neurons has so far not been studied 
in the behaving primate, and it is therefore difficult to estimate to what extent dif
ferences between silent and tonically active pools of DA neurons may contribute 
to BOLD responses. Dynamic causal modelling (Stephan et al. 2008) may, in prin
ciple, provide an opportunity to model the slow effects of tonic SN/VTA modulation 
of projections areas such as the NAc and distinguish this from rapid phasic SN/
VTA modulation. Such approaches could potentially reveal whether tonic and pha
sic modes of SN/VTA activity are correlated in terms of the distribution and size of 
their projection targets and whether mechanisms exist that contextually coordinate 
them in terms of their inputs and outputs. Such an approach would also be important 
for the LC which also shows two different modes of activity, a tonic and a phasic 
mode, both of which are related to different cognitive sets.

Whilst 3-T fMRI can achieve functional resolutions of 1.5 mm3 and be suffi
cient to observe functional gradients within the SN/VTA, for more detailed func
tional analyses, i.e. to distinguish between activity in dorsal and ventral tiers, higher 
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resolutions are required and therefore necessitate the use of higher field strengths 
such as 7T. For the LC, it seems quite evident that 3T will not be adequate and 
studies aiming to achieve specific functional LC imaging will have to utilize 7-T 
imaging and ultrahigh functional resolutions.

In future, ultra-high-field MRI (Speck et al. 2008) with 7 T and higher is per
haps the most promising remedy to overcome fMRI resolution limits in midbrain 
fMRI. Initial challenges such as strong geometric distortions, signal dropouts and 
limitations due to radio frequency heating can be effectively addressed (Speck et al. 
2008). Ultra-high-field scanners are becoming increasingly available and allow 
fMRI voxel sizes with ample functional activation down to 0.8 mm3 (Maass et al. 
2014). Currently, the main drawback in neuroscientific applications is that with 
higher spatial resolutions, only a limited brain volume can be covered within desir
able repetition times. However, new methods can be envisioned, that may relax this 
limitation for future studies. The most promising approach is the simultaneous ac
quisition of multiple slices increasing temporal efficiency with acceleration factors 
higher than 16 (Feinberg and Setsompop 2013; Moeller et al. 2010).

In summary, functional imaging of the human midbrain is evolving into an excit
ing new approach that may allow an indirect though feasible window into dopami
nergic and noradrenergic neurotransmission. With improved resolutions along with 
novel approaches that can combine fMRI with PET-based measures of transmit
ter release, there is a credible prospect that this approach will be based on firmer 
grounds in the near future. There is no doubt that this would be an important ad
vance in the use of fMRI given the theoretical and clinical importance of midbrain 
transmitter systems in most aspects of human cognition and behaviour.
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