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Introduction

The Human Connectome Project (HCP) 

was launched on the principle of 

undertaking significant new advances 

in magnetic resonance (MR) based 

imaging of the human brain and  

using these advanced technologies  

to generate to-date the most complete 

and accurate description of the con-

nections among gray matter locations 

in the human brain at the millimeter 

scale. 

At the time HCP was initiated, a grow-

ing number of studies had revealed 

important insights through systematic 

studies of whole-brain connectivity 

(e.g. [1-6]) using resting-state func-

tional magnetic resonance imaging 

(rfMRI) and diffusion imaging (dMRI). 

rfMRI uses correlations in the sponta-

neous temporal fluctuations in an 

fMRI time series to deduce ‘functional 

connectivity’ (e.g. [7-11]) and, dMRI 

provides the input for tractography 

algorithms used for the reconstruc-

tion of the complex axonal fiber 

architecture so as to infer ‘structural 

connectivity’ (e.g. reviews [12, 13]). 

Despite their promise, however, each 

of these MR methods faces serious 

technical limitations. These include a 

high incidence of false positives and 

false negatives [13, 14] that arise 

from the indirect nature of functional 

imaging signals [15], dependence  

on neurovascular coupling [16], the 

presence of confounding long-range 

correlations of vascular origin [17], 

and the complexity of water diffusion 

in the microenvironment of the brain 

(e.g. [18, 19]). Given these neuro- 

biological and neurophysiological 

challenges, undertaking significant 

new methodological developments 

to overcome or ameliorate these  

limitations was considered impera-

tive for the success of the HCP.

A primary challenge in the fMRI  

component of the HCP is the ability  

Slice accelerated Multiband/SMS images from the HCP obtained at 3T at different acceleration factors. Three slices from a 2 mm 

isotropic resolution, 64 slice whole brain data set obtained with slice acceleration up to MB factor of 12. For comparison, images 

were acquired with the same TR (4.8 s) based on the minimum TR attainable with standard EPI (i.e. MB = 1). The example axial 

slices shown were not from the same MB slice group. Achievable TR at a given MB factor is listed below the MB factors given to 

show the acceleration potential. Adapted from Uğurbil et al. 2013 [24], and Xu et al., 2013 [36].
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to capture functional mapping sig-

nals with the highest possible fidelity 

to the underlying gray/white matter 

neuronal architecture. Therefore, 

improving spatial resolution for the 

HCP data was one of the targets set 

out by the HCP investigators from the 

inception of the project. However, 

there is always a compromise 

between spatial resolution and the 

total volume acquisition time. Higher 

spatial resolution requires larger 

number of slices to cover the volume-

of-interest (in the HCP, the whole 

human brain) and hence leads to a 

longer TR. Longer TRs are not desir-

able in fMRI; if they become signifi-

cantly longer than the T1, image sig-

nal-to-noise ratio (SNR) per unit time 

suffers. In addition, slower acquisi-

tions undermine the accurate sam-

pling of the basal fluctuations in an 

fMRI time series, potentially degrad-

ing efforts to clean up the time series 

of undesirable sources of fluctuations 

(such as those induced by respiration 

and cardiac pulsation), and lead to 

fewer samples within a given total 

acquisition time, reducing the statis-

tical power in the analysis of the time 

series. Thus, it was critical to acceler-

ate the data acquisition rate without 

significantly impacting image SNR.

Accelerating image acquisition is  

also critical for dMRI. Improvements 

in SNR per unit time enable higher  

spatial resolution without commen-

surately longer data acquisition 

times, and/or allow for more exten-

sive sampling of the diffusion encod-

ing space (i.e. q-space, defined by 

the magnitude and orientations of 

the diffusion-weighting gradients)  

so as to more accurately estimate  

the orientation of white matter fiber 

bundles, especially in regions where 

multiple fiber bundles intersect one 

another at various angles or where 

fiber bundles bend or fan out and 

split into multiple trajectories. 

In this article, we briefly review the 

technical developments undertaken 

for data acquisition at 3 Tesla within 

the Washington University-University 

of Minnesota (WU-Minn) Consortium 

of the HCP (http://humanconnectome.

org), composed primarily of three 

institutions, Washington University, 

University of Minnesota, Center for 

Magnetic Resonance Research 

(CMRR), and Oxford University. An 

accompanying article by Yacoub et  

al. in this issue of MAGNETOM Flash 

describes a parallel effort at 7 Tesla 

within this consortium. An overview 

of the overall HCP project is discussed 

in [20] and more comprehensive and 

detailed accounts of improvements 

and optimizations are given in refer-

ences [21-25]. 

Pushing image acquisition 
speed

Improving fMRI data acquisition 

speed, while critical for the HCP, is 

relevant to human neuroimaging in 

general and was already recognized 

in work prior to the HCP for very 

high-resolution fMRI applications at 

ultrahigh magnetic fields [26, 27]. 

Motivated by the prospect of whole- 

brain, very high resolution functional 

mapping at 7T, Moeller et al. [26, 27] 

used multi-slice GRE EPI1 at 7T with 

concurrent accelerations along both 

the slice and in-plane phase-encode 

directions, achieving 16-fold two-

dimensional acceleration. Multiple 

slices were simultaneously excited 

using multiband RF pulses; the sig-

nals generated by these multiple 

slices were acquired simultaneously 

in a single EPI echo train, with 

k-space undersampling in the phase- 

encode direction. These simultane-

ously acquired slices were unaliased 

using parallel imaging principles and 

the coil sensitivity profiles of the 

multichannel receive array employed 

for data collection. Excellent func-

tional maps at 7T with 1.5 mm isotro-

pic resolution and 88 slices in 1.25 s, 

or 1 x 1 x 2 mm3 resolution with 90 

slices in 1.5 s were achieved [26, 27]. 

The use of multiband excitation 

pulses to simultaneously excite and 

collect multiple slices (referred to as 

Multiband (MB) or Simultaneous 

Multi-Slice (SMS) technique inter-

changeably) dates back to 2001, 

when it was demonstrated using  

gradient recalled echoes, collecting  

a single k-space line at a time (i.e. 

FLASH), imaging a leg with a spine 

coil [28]. This approach was further 

advanced with the introduction of  

the CAIPIRINHA (Controlled Aliasing  

In Parallel Imaging Results IN Higher 

Acceleration) [29, 30] concept where 

unaliasing of slices was improved  

significantly by manipulating the 

phase of the RF excitation pulses  

progressively for each k-space line,  

so as to effectively shift the simultane-

ously acquired slices relative to each 

other in the phase-encoding direction. 

These earlier initiatives did not catch 

the attention of the neuroimaging 

community. However, Moeller at al. 

[26, 27] demonstrated an application 

where such rapid volume coverage 

using Multiband/SMS EPI is critical, 

thus catalyzing a major interest in this 

approach. Subsequently, a modified 

‘blip’ strategy in Multiband/SMS EPI, 

termed ‘blipped-CAIPIRINHA’, that  

balances the blips so as to minimize 

the voxel tilting of the earlier blipping 

implementation [31] was introduced 

[32, 33], providing major improve-

ments in g-factor noise and achievable 

slice accelerations, adding to the 

attractiveness of the approach in  

EPI based techniques such as fMRI  

and dMRI. 

Initial efforts in the WU-Minn consor-

tium also tried to accelerate beyond 

what was feasible with Multiband/SMS 

EPI by combining it with the  

SIR approach [34], a technique we 

referred to as Multiplexed-EPI (M-EPI) 

[35]. A similar combination was also 

described in an abstract the same year 

[32]. Multiplexed EPI essentially takes 

the SIR sequence, where s RF pulses 

are applied sequentially in time lead-

ing to temporally resolved echoes from 

the s different slices, and makes each 

RF pulse a multiband pulse with m 

bands (where m and s are positive 

integers); the result is simultaneous 

acquisition of m times s (i.e. m x s) 

slices in a single echo train that con-

tains both simultaneously acquired  

as well as temporally shifted echoes. 

Using this method to accelerate whole- 

brain coverage, the WU-Minn HCP  

consortium demonstrated [35] that 

the statistical significance of the  

Resting-State Networks (RSNs) detected 

by high dimensional ICA analysis  

from rfMRI time series significantly 

improved, and the normally long 

acquisition time of dMRI was reduced 

1 The product is still under development  

 and not commercially available yet.  

 Its future availability cannot be ensured.
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2-4 fold. However, because of the  

longer echo trains inherent in SIR, the 

combined technique is not universally 

advantageous, and the realizable gains 

depend on several factors, including 

spatial resolution, MB acceleration 

capabilities, desired temporal resolu-

tion, and the need for in-plane acceler-

ations. As such, in the HCP, Multi-

plexed EPI was not employed; rather 

Multiband/SMS EPI with control alias-

ing (‘blipped-CAIPIRINHA’) and without 

the use of in-plane phase-encode 

acceleration was adapted in the WU-

Minn consortium as the sequence for 

the 3T HCP data acquisition.

An example of the type of Multiband/

SMS images with 2 mm isotropic nomi-

nal resolution obtained in the initial 

evaluation phase on the WU-Minn  

3T HCP scanner (Connectom-Skyra2, 

Siemens Healthcare, Erlangen,  

Germany) is illustrated in Figure 1 for 

different MB factors (i.e. the number 

of simultaneously excited slices, or the 

slice acceleration factor). For compari-

son, images from the standard EPI 

sequence (corresponding to MB = 1) 

available on the scanner are also  

provided. Although the TR was kept 

constant at the value attainable for  

the MB1 so as to maintain identical 

contrast in these images, the mini-

mum achievable volume TR to cover 

the whole brain is also indicated  

for each MB factor. The data were 

acquired using a 32-channel standard 

Siemens head coil. Careful scrutiny  

of the images indicates that MB = 12 

data still show much detailed structure 

although they clearly display greater 

artifact level. Figure 2 illustrates 18 

slices from a whole-head acquisition 

comparing standard EPI (MB1) images 

and MB6 Multiband acquisition at 3T 

at the same TR; excellent EPI image 

quality is evident in MB = 6 as well as 

the standard MB = 1 case.

A quantitative analysis of these data  

is possible using g-factors [36] that 

reflect noise amplification due to the 

use of parallel imaging using the for-

mulation developed for in-plane paral-

lel imaging along the phase-encode 

dimension [37]. However, g-factors 

themselves do not inform about 

residual aliasing among the simulta-

neously acquired slices. To address 

this, we introduced a metric named 

the L-factor (leakage factor) [36, 38] 

that quantifies residual aliasing.

L-factor maps of residual aliasing are 

illustrated in Figure 3 for Multiband/

SMS EPI imaging with MB = 3, 4, 8 and 

12 from data acquisition sequences 

employed for the HCP. Such maps 

illustrated that there is no perceptible 

‘leakage’ from the center slice to the 

two adjacent slices for MB = 3 or 4 

and the calculated L-factor was  

0.03 with or without PESHIFT. With  

MB = 8 and 12, there is small leakage 

(Fig. 3), but not sufficient to impact 

fMRI data. 

The objectives of the WU-Minn  

HCP consortium entailed not only 

improved pulse sequences but also 

implementation on the HCP scanners 

for efficient, stable and robust per-

formance. Therefore, significant 

efforts were invested in evaluating 

the performance of the sequences 

and the associated image reconstruc-

Multiband EPI 

MB = 6 MB = 1

Comparing 6-fold slice accelerated Multiband/SMS images at 3T with unaccel-

erated standard acquisition. Selected slices from a 1.6 mm isotropic, 80 slice 

whole-brain data set obtained with PESHIFT = FOV/3, MB factor 6 and standard EPI 

(MB = 1). TE = 30 ms; 6/8 Partial Fourier along phase-encode direction. TR = 6.7 s 

for both, set by the minimum TR attainable with MB = 1. Minimum TR that would 

be possible with MB = 6 acquisition with these parameters would be 1.1 s. Data 

was obtained with a 32-channel coil on the 3T WU-Minn HCP scanner. Adapted 

from Uğurbil et al., 2013 [24] and Xu et al., 2013 [36].
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tion algorithms. The evaluation took 

place in two stages. The first stage 

involved evaluation of image quality, 

temporal stability, noise increase  

due to parallel imaging, and residual 

aliasing among the simultaneously 

excited slices [24]. The second stage 

examined the performance of the 

sequences, and the different acquisi-

tion parameters for detection of rest-

ing-state networks and task activation 

for fMRI, robustness to subject motion 

(described in greater detail in [22]), 

and various metrics for diffusion imag-

ing (also described in greater detail  

in [21]). Both stages were critical and 

ultimately led to the final protocol 

selection [24]. The parameters decided 

upon for the 3T protocol in the HCP 

are summarized in Table 1. 

The fMRI (both resting-state and task) 

were run with MB factor of 8 (i.e. 8 

fold slice acceleration) at 3T using the 

32-channel coil from Siemens Health-

care. Such high slice accelerations  

are not feasible in dMRI because of 

peak power limitations and ultimately 

power deposition (SAR) since dMRI 

uses spin-echo sequences with nomi-

nally 90° and 180° excitation and refo-

cusing pulses, respectively. We qualify 

the flip angles as ‘nominal’ because 

even at 3T and even with a body coil 

transmission, the flip angle is not uni-

form in the human head [24]. In fMRI, 

only an excitation pulse is employed 

and this pulse is adjusted to lower flip 

angles (i.e. the Ernst angle) to opti-

mize SNR for the reduced TR made 

possible with slice acceleration, hence 

lowering power deposition per pulse. 

Although methods were developed  

in the WU-Minn HCP consortium to 

alleviate the peak power [39] and SAR 

limitations [40, 41] for Multiband/SMS 

imaging within the HCP, they were not 

ready in time to be exhaustively tested 

for the 3T data collection phase of  

the WU-Minn HCP. Some of these  

techniques were, however, adopted  

in the 7T phase of the project [42]. 

The HCP 3T protocol does not use  

in-plane phase encoding acceleration;  

if possible, we decided to avoid this in 

order to maximally accelerate the fMRI 

time series along the slice direction 

and to avoid the SNR penalty that 

comes with reduced k-space coverage 

when accelerating along the phase 

MB = 3, PESHIFT = FOV/3

MB = 8, PESHIFT = FOV/4

MB = 4, PESHIFT = FOV/4

MB = 12, PESHIFT = FOV/4

Quantifying residual aliasing among simultaneously acquired slices. Signal 

leakage (L-factor) maps showing residual aliasing among simultaneously acquired 

slices at 3T for MB3, MB4, MB8 and MB12 with PESHIFT. The oscillation imposed on 

slice (appears in red/yellow color) ‘leaks’ into other simultaneously acquired slices 

due to resdiual aliasing. Adapted from Xu et al. 2013. We describe the shift 

induced in the phase-encode direction by controlled aliasing as a fraction of the 

field-of-view (FOV) and refer to it using the label PESHIFT; thus a PESHIFT of FOV/4 has 

a maximal shift of ¼ of the FOV in the phase-encode direction between the simul-

taneously excited slices. Adapted from Xu et al. 2013 [36], Moeller et al. 2012 [38].

3

3

0 1.00.5

Table 1

rfMRI and tfMRI dMRI

Multiband Factor  

(i.e. slice acceleration 

factor)

8 3

In-plane phase- 

encode acceleration

None None

Spatial resolution 2 mm isotropic 1.25 mm isotropic

TE 33 ms 89 ms

TR (whole volume) 0.72 s 5.5 s

Δ Not applicable 43.1 ms

δ Not applicable 10.6 ms

q-space sampling Not applicable 3 shell HARDI

b = 1000, 2000, 3000 s/mm2

270 non-collinear directions

HCP acquisition parameters employed at 3T for fMRI and dMRI.
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encode direction. EPI image quality 

(with the distortion corrections real-

ized by obtaining images with phase- 

encode running in opposite directions, 

and also corrected for eddy current 

effects for dMRI [43, 44]) were consid-

ered excellent both for fMRI and dMRI 

acquisitions [21, 22]. Furthermore, 

when the performance of 3T dMRI 

acquisitions with in-plane acceleration 

was evaluated in terms of fibre cross-

ing sensitivity and uncertainty, they 

did not perform as well as just using 

slice acceleration alone. This was likely 

because of the SNR loss that comes 

with in-plane phase-encode 

acceleration.

Rigid body motion of the subject’s 

head is a major problem in the analysis 

of data from an fMRI time series. As  

a result, methods for correcting rigid 

body motion in an fMRI time series  

by ‘realigning’ volumetric data is rou-

tinely performed in fMRI data analysis. 

When parallel imaging is employed, 

the problem of motion becomes  

more complex because ‘reference’ or 

‘calibration’ scans that are obtained  

typically at the beginning of the data 

collection period and the subsequently 

acquired accelerated data in the fMRI 

time series are no longer fully consis-

tent. This problem was evaluated in 

the HCP fMRI data. The ‘conventional’ 

volumetric realignment, which ignores 

the potential additional problem of  

a mismatch between the calibration 

scan and the subsequent images,  

was found to be surprisingly successful 

with the Multiband/SMS EPI fMRI data 

(MB = 8) when motion occurred during 

the acquisition of the fMRI time series 

[22]. This likely reflects the fact that 

coil sensitivity profiles are spatially 

slowly varying functions. However, 

motion during the acquisition of  

the calibration scan when parallel 

imaging along the phase encoding 

was employed was a major problem. 

This confound was not present in the 

3T HCP data because phase-encode 

parallel imaging was not employed; 

but it was an issue for the 7T HCP data.

Since the 3T component of HCP does 

not use phase encoding acceleration, 

the calibrations scans are based on 

single slice versions of the single-shot 

slice selective EPI employed subse-

quently in the Multiband/SMS acquisi-

tion. However, if acceleration  

along the phase encoding direction  

is employed, one cannot just use 

images of each slice obtained individ-

ually in a single-shot using accelera-

tion along phase encoding direction. 

Calibration scans are also needed  

for the phase-encode undersampling 

and this is typically done using  

segmented multi-shot (as opposed  

to single-shot) EPI. Segmented EPI 

sampling of k-space is prone to deg-

radation induced by subject motion 

as well as physiological processes 

related to respiration and cardiac  

pulsation [27]; this degradation typi-

cally appears in the form of ‘ghosting’ 

artifacts, i.e. displacement of signal 

intensities to regions where they 

should not be. Respiration can be  

a source of small rigid body motion 

of the head but it also affects MR 

images, especially EPI through  

perturbations of the B0 field over  

the brain caused by alterations of  

air-filled lung volume during the  

respiration cycle [45, 46] because air 

has significantly different magnetic 

susceptibility than tissue. Cardiac 

pulsation induces non-rigid body 

motion in the brain, most prominent 

in ventral parts, particularly in the 

brainstem. 

Thus, a segmented EPI acquisition  

is not necessarily optimal as a  

calibration scan for unaliasing  

images obtained with simultaneous 

acceleration along the slice and 

phase-encode directions. Instead,  

we examined the use of standard 

GRE images, acquiring one k-space 

line after an RF pulse (i.e. FLASH)  

as a calibration scan, acquired with  

a lower resolution than the final  

resolution of the subsequently  

accelerated data. This approach  

provided significant improvements 

and is employed in the 7 Tesla  

component of the HCP [24, 42] as 

well as in the 3T Lifespan piloting 

efforts undertaken within the HCP. 

Examples from HCP data

rfMRI came to existence with the 

observation that functionally related 

areas that are co-activated in a task 

(and detected by task fMRI) show 

correlated spontaneous fluctuations 

in the absence of any task when the 

subjects are simply ‘resting’ in the 

magnet [7]. This led to the concept 

that functionally linked areas (though 

not necessarily all directly connected) 

exhibit distinct spontaneous oscilla-

tions and thus can be extracted from 

the rfMRI data [47]. Hence it is possi-

ble to identify from rfMRI data so 

called resting-state networks (RSNs) 

that are classified, for example as 

‘visual’ or ‘sensory-motor’, or ‘lan-

guage’ etc. networks. The identifica-

tions are based on the observation 

that the spatial patterns that are 

depicted in these RSNs (which resem-

ble activation maps but are actually 

regions that display temporally- 

correlated spontaneous fluctuations) 

have similarities to collection of 

regions activated by task based fMRI. 

This is an important observation 

since it supports the concept that 

RSNs reflect neuronal processes and 

not necessarily temporally correlated 

fluctuations that can be observed  

in the brain but are not linked to  

neuronal activity (e.g. [17]). 

The HCP fMRI data obtained with 

slice acceleration and subsequently 

cleaned by independent component 

analysis (ICA) based methods [48] 

provide excellent and convincing 

demonstration of the correspon-

dence between areas seen in task 

fMRI and RSNs extracted from ICA 

analysis of rfMRI time series. They 

strengthen the argument that 

regions that are intimately linked 

functionally do have correlated  

spontaneous fluctuations even  

when they are not actively involved 

in the execution of a task. 

Of course, rfMRI data yield many 

RSNs (in this regard, HCP data are 

unique in being able to identify a 

very large number of such RSNs that 

are much more fine grained than 

what was previously available [22, 

49]). It is not immediately possible  

to identify an association between all 

of these RSNs and activation patterns 

elicited with specific tasks. This is 

expected. For example, a visuo-motor 

task, such as moving a joy stick in  

the direction of a target presented  

to the subject, will yield a very large 

number of activated areas in the 

brain. A single RSN that corresponds 

to those areas likely is not identified. 
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Resting-state ICA component 18

Task-fMRI (RIGHT hand movement)

4

Cerebellum dorsal

Cerebellum dorsal

Cerebellum ventral

Cerebellum ventral

5 25z-score

Comparison between activation patterns observed with task-fMRI when subjects are performing a simple ‘hand task’ with the  

right hand and an ICA component extracted from the resting-state fMRI data from the HCP database. Patterns mapped onto the 

group-average cerebral surfaces (first two panels) and onto the inflated cerebellar atlas surface that has been mapped to the MNI 

atlas stereotaxic space [Van Essen, 2009]. Resting-state fMRI component 13 from a 100-dimensional ICA decomposition (with  

82 components judged to be signal), applied to the 66 subjects in the HCP Q1 data release having four rfMRI runs. Adapted from 

Van Essen et al. 2013 [50].

4

Resting-state ICA component 18

Task-fMRI (LEFT hand movement)

5

Cerebellum dorsal

Cerebellum dorsal

Cerebellum ventral

Cerebellum ventral

5 25z-score

 As in Figure 4 but for left hand tasking.5
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6A

6C

6B

6D

Structural connectivity (dMRI) (single subject)

Structural connectivity

Structural connectivity (dMRI) (single subject)

Functional connectivity

Low High

Structural connectivity obtained from dMRI versus functional connectivity derived from resting-state fMRI data, in an individual  

and in group averages. Connectivity trajectory visualization for a single HCP subject (100307). Probabilistic trajectories seeded from 

a single gray ordinate in left frontal cortex (white dot identified also by an arrow) and intersecting the white/gray matter boundary 

surface in at least one more location (6A). Probabilistic structural connectivity of the same subject as viewed on the cortical surface 

(6B). Structural connectivity values in a group average (9 HCP subjects) for the same seed location (white dot), viewed on the 

inflated cortical surface. The values are displayed using a logarithmic scale (6C). Functional connectivity values for the same seed 

location, displayed on the inflated surface (6D). The values correspond to the average functional connectivity of a group of 20 HCP 

subjects. (Note: seed in Panel 6A is not the same as in 6B, C, and D). Adapted from Van Essen et al., 2013 [50]. 

6

Instead, RSNs that represent motor 

networks, visual networks and others 

(likely involving parietal areas) to-

gether will represent the task induced 

activation pattern. The collections of 

RSNs that can explain the activation 

pattern induced by such a task would 

yield important information about  

networks engaged in that task. 

However, for simple tasks, it is in  

fact possible to find correspondence 

between task based fMRI and an RSN 

which is an ICA component obtained 

from the rfMRI. An example from  

the HCP 3T data is shown in Figure 4, 

which illustrates this cross-modal com-

parison with data mapped to a cortical 

and cerebellar surface map [50]. The 

bottom row shows the group-average 

task activation from the right-hand 

‘hand movement’ task, analyzed  

for a group of 20 unrelated subjects 

scanned for the HCP database. It 

includes activation in the expected 

location in the left motor cortex (left 

panel), and also at two distinct loca-

tions in dorsal and ventral cerebellum, 

matching published reports [4]. The 

top row shows a spatially correspond-

ing ICA component from a 100-com-

ponent group-level ICA-based net-

work decomposition (with 82 ‘signal’ 

components), carried out on 66 HCP 

subjects scanned at 3T from the first 

quarter data release. The correspon-

dence in spatial patterns between 

the rfMRI ICA component and the 

task-fMRI activation is striking [50]. 

Figure 5 illustrates the same for the 

left hand tasking. Now the cortical 

and cerebellar hemispheres are 

expected to be flipped for both the 

ICA component and task activation 

pattern; indeed, this is what is 

observed and again similarities are 

striking.

Anatomical and functional connectiv-

ity data can be probed using a seed 

based approach, where connectivity 

derived from rfMRI is represented as 

a correlation of signal fluctuations of 

each voxel with the seed voxel, and 

anatomical connections are repre-

sented as a probabilistic connectivity 

derived from dMRI data of each voxel 

to the seed voxel. For any given voxel 

or seed locations, one expects to find 

similarities between such functional 

and anatomical connectivity maps. 

Figure 6 (top row) shows probabilis-

tic streamlines that can be created in 

the Connectome workbench (Fig. 6A) 

and probabilistic connectivity repre-

sented on the brain surface (Fig. 6B) 

in a single subject from a seed  

location placed in the orbitofrontal  

cortex (location indicated by arrows  

in Figs. 6A, B). The lower row in  

Figure 6 compares functional versus 

structural connectivity on the flat-

tened cortical surface from a group 

of 9 subjects from the same seed 

location. Given that the two methods 

have different limitations and  

errors, the fact that similar data  

are obtained in the functional versus 

the structural connectivity maps is 

reassuring. 

It should be noted, however, that 

such structural vs. functional connec-

tivity maps (Figs. 6C and D, respec-

tively) need not be identical even if 

they suffered no errors. In a network, 

Seed

Seed

Seed

Seed
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each region does not have to have  

a direct (anatomical) connection to 

every other region. For example  

in a network of 3 nodes, identified  

as 1,2, and 3, node 1 can be directly 

connected to node 2 and node 3 but 

no direct connection exists between 

nodes 2 and 3. This situation may 

lead to interesting patterns if we 

compare the probabilistic ‘anatomical 

connectivity’ map derived from the 

dMRI and the ‘functional connectivity’ 

map obtained from rfMRI. In this 

case, nodes 1, 2, and 3 can still show 

correlated spontaneous fluctuations. 

Putting a ‘seed’ in node 1 to generate 

such maps should yield identical ana-

tomical and functional connectivity 

maps; but putting a ‘seed’ in node 2 

or 3 will yield partially overlapping 

anatomical and functional connectiv-

ity maps, reflecting the fact that 

node 2 and 3 have no direct anatomi-

cal connectivity but still display corre-

lated spontaneous fluctuations that 

have ‘functional connectivity’, in this 

case indirectly through another node.

Conclusion

The 3T protocols in the WU-Minn  

HCP Consortium are now ‘frozen’ and 

produce data that are significantly 

higher quality than what has been 

possible using conventional methods 

and instrumentation to date. Never-

theless, intense efforts were still 

devoted to further methodological 

developments within the WU-Minn 

consortium, largely targeting optimi-

zation of the 7T HCP data collection 

and are detailed in [42]. However, 

the impact of these developments  

is also anticipated to go well beyond 

the current HCP and is expected to 

spread to future efforts at any field 

strength. Accelerated volume cover-

age, whether with Multiband/SMS  

as currently employed in the HCP,  

or new approaches to be developed, 

may soon become the default acqui-

sition scheme in fMRI and dMRI  

studies. The utility of these MR  

techniques are relevant to potential 

new initiatives investigating connec-

tomics, for example, in relation to 

development, life-span, and/or brain 

diseases. Such initiatives will be able 

to take full advantage of on-going 

methodological improvements that 

would be available at the time of 

their start. 
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