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Outline and Learning Objective 

q Physiological Noise 
q Physiological Signals 

q Correction Methods  

q  What can we learn from 
pharma RSfMRI? 

q  How and why is 
calibrated fMRI 
necessary? 



 Physiological “noise” 

q Quasi-periodic 
variations in the 
BOLD signal due to 
–  Respiration = 0.3 Hz 

–  Cardiac = 1 Hz  

q Typical EPI sampling 
rate 1-3 sec => 
Complex Aliasing 

q Account for 10-40% 
of  BOLD signal 
variations  

q Can drown minute 
(5%) BOLD 
responses in fMRI 
(Birn, 2006; Dagli 1999) 



Pathways of  Effect 

q  Motion related effects 
q  Intra-thoracic volume 
q  CBF autoregulation 

q  Cardiac pulsation 
q  ANS & CNS correlates 

of  interoception & 
motor function 



Pathways of  Effect 

0	   10	   20	   30	   40	   50	   60	   70	   80	   90	   100	  -0.5	  
0	  

0.5	  
1	  

Δ
	  

0	   10	   20	   30	   40	   50	   60	   70	   80	   90	   100	  -1.5	  
-1	  

-0.5	  
0	  

Δ
	  

0	   10	   20	   30	   40	   50	   60	   70	   80	   90	   100	  -1	  

-0.5	  

0	  

time (sec)	  

Δ
	  

Y 
(m

m
)	  

 anterior-posterior	  

Z 
(m

m
)	  

 superior-inferior	  

X 
(m

m
)	  

 left-right	  

Breathing-related head movement  
detected using 3D orbital navigator 

echoes 

Khalili-‐Mahani	  &	  Pike	  

q  Motion related effects 
q  Intra-thoracic volume 
q  CBF autoregulation 

q  Cardiac pulsation 
q  ANS & CNS correlates 

of  interoception & 
motor function 



Pathways of  Effect 

q  Magnetic susceptibility 
artifacts (Raj, 2001) 

q  Then why does changing 
the readout direction not 
change the topography 
of  the effect? 
(Windischberger, 2002) 

q  Motion related effects 
q  Intra-thoracic volume 
q  CBF autoregulation 

q  Cardiac pulsation 
q  ANS & CNS correlates 

of  interoception & 
motor function 



Pathways of  Effect 

q Motion related effects 
q  Intra-thoracic volume 
q CBF autoregulation 

 

q  Change in perfusion 
pressure by intra- 
thoracic pressure 

q  Change in perfusion by 
arterial Co2 tension 

 

Wise et al, Neuroimage, 2004 



Pathways of  Effect 

q  Motion related effects 
q  Intra-thoracic volume 
q  CBF autoregulation 

q  Cardiac pulsation 
–  inflow enhancement   

–  dephasing 

–  vessel-wall motion 
–  Effects are dominant 

around the cerebral 
arteries 

27%	  of	  all	  brain	  voxels	  affected	  by	  more	  
than	  4%	  of	  BOLD	  signal	  varia@ons	  

Dagli,	  1999	  



Pathways of  Effect 

q  Motion related effects 
q  Intra-thoracic volume 
q  CBF autoregulation 

q  Cardiac pulsation 
q  ANS & CNS correlates 

of  interoception & 
motor function 



Everyone’s noise 

Pharmacologist’s & 
Anesthetist’s signal 



Pharmacological Studies 

q PK/PD modeling 

q  Calibrated fMRI & ASL estimation 
follow the same principle 

q Pharmacokinetic, PK 
–  Plasma concentration of  

drug (morphine, Co2, O2, 
caffeine) in blood or tissue 
compartments /time 

q Pharmacodynamic, PD 
–  Response over time 

•  Physiological change 
•  Behavioral change 
•  Therapeutic effects 

TRANSFER	  
FUNCTION	  



CNS-Drug Action Pathways 

q Direct drug effects on 
the brain 
–  Cross the BBB 
–  Target receptors 

–  Neuromodulate 

 
q  Indirect 

–  Peripheral afferents 
–  Endocrine cascades  

–  Autoregulation 



Points of  Interaction 

Wise & Tracey, JMRI, 2006 



Physiological 
‘noise’ in Pharma 

Can we remove it? 
Should we remove it? 
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Objective of  the Study 

q Measure the 
correlated variance 
in the spontaneous 
BOLD signal 

q Effects of  correction 
on statistical 
outcome 

All analysis are NOI-based 
dual regression 

r Human Brain Mapping 33:1003–1018 (2012) r

Effects of Morphine and Alcohol on Functional
Brain Connectivity During ‘‘Resting State’’:

A Placebo-Controlled Crossover Study
in Healthy Young Men
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Abstract: A major challenge in central nervous system (CNS) drug research is to develop a generally ap-
plicable methodology for repeated measurements of drug effects on the entire CNS, without task-related
interactions and a priori models. For this reason, data-driven resting-state fMRI methods are promising
for pharmacological research. This study aimed to investigate whether different psychoactive substances
cause drug-specific effects in functional brain connectivity during resting-state. In this double blind pla-
cebo-controlled (double dummy) crossover study, seven resting-state fMRI scans were obtained in 12
healthy young men in three different drug sessions (placebo, morphine and alcohol; randomized). Drugs
were administered intravenously based on validated pharmacokinetic protocols to minimize the inter-
and intra-subject variance in plasma drug concentrations. Dual-regression was used to estimate whole-
brain resting-state connectivity in relation to eight well-characterized resting-state networks, for each data
set. A mixed effects analysis of drug by time interactions revealed dissociable changes in both pharmaco-
dynamics and functional connectivity resulting from alcohol and morphine. Post hoc analysis of regions
of interest revealed adaptive network interactions in relation to pharmacokinetic and pharmacodynamic
curves. Our results illustrate the applicability of resting-state functional brain connectivity in CNS drug
research. Hum Brain Mapp 33:1003–1018, 2012. VC 2011 Wiley Periodicals, Inc.
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Respiration Correction Methods 

CORRECTIVE	  
PREPROCESSING	  

CONNECTIVITY	  
ESTIMATION	  

GROUP	  
STATISTICS	  

RETROICOR	   RVHRCOR	   RVcorr	  	   WM,	  CSF	  	   Dominant	  
respiraBon	  
harmonic	  

Avg	  
Heart	  
rate	  

Glover	  et	  al,	  2000	   Chang	  et	  al,	  2009	   Birn,	  2012	  
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Growing interest in pharmacological resting state fMRI (RSfMRI) necessitates developing standardized and ro-
bust analytical approaches that are insensitive to spurious correlated physiological signals. However, in pharma-
cological experiments physiological variations constitute an important aspect of the pharmacodynamic/
pharmacokinetic profile of drug action; therefore retrospective correctivemethods that discard physiological sig-
nals as noise may not be suitable. Previously, we have shown that template-based dual regression analysis is a
sensitivemethod formodel-free and objective detection of drug-specific effects on functional brain connectivity.
In the current study, the robustness of this standard approach to physiological variations in a placebo controlled,
repeated measures pharmacological RSfMRI study of morphine and alcohol in 12 healthy young men is tested.
The impact of physiology-related variations on statistical inferences has been studied by: 1) modeling average
physiological rates in higher level group analysis; 2) Regressing out the instantaneous respiration variation
(RV); 3) applying retrospective image correction (RETROICOR) in the preprocessing stage; and 4) performing
combined RV and heart rate correction (RVHRCOR) by regressing out physiological pulses convolved with ca-
nonical respiratory and cardiac hemodynamic response functions. Results indicate regional sensitivity of the
BOLD signal to physiological variations, especially in the vicinity of large vessels, plus certain brain structures
that are reported to be involved in physiological regulation, such as posterior cingulate, precuneus, medial
prefrontal and insular cortices, as well as the thalamus, cerebellum and the brainstem. The largest impact of
“correction” on final statistical test outcomes resulted from including the average respiration frequency and
heart rate in the higher-level group analysis. Overall, the template-based dual regression method seems robust
against physical noise that is corrected by RV regression or RETROICOR. However, convolving the RV andHRwith
canonical hemodynamic response functions caused a notable change in the BOLD signal variance, and in resting
state connectivity estimates. The impact of RVHRCOR on statistical tests was limited to elimination of both mor-
phine and alcohol effects related to the somatosensory network that consists of insula and cingulate cortex—
important structures for autonomic regulation. Although our data do not warrant speculations about neuronal
or vascular origins of these effects, these observations raise caution about the implications of physiological
‘noise’ and the risks of introducing false positives (e.g. increasedwhitematter connectivity) by using generalized
physiological correction methods in pharmacological studies. The obvious sensitivity of the posterior part of the
defaultmode network to different correction schemes, underlines the importance of controlling for physiological
fluctuations in seed-based functional connectivity analyses.

© 2012 Elsevier Inc. All rights reserved.

NeuroImage 65 (2013) 499–510
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Respiration Correction Method 1 

APPLY	  CORRECTION	  
BEFORE	  ESTIMATING	  
CONNECTIVITY	  

RETROICOR	   RVHRCOR	  

Glover	  et	  al,	  2000	  

A	  priori	  model	  	  
of	  phase	  

Models	  physiological	  noise	  as	  a	  2nd	  order	  Fourier	  series	  
Noise(slice,t)	  =Σ	  m=1:2	  	  arespSin(m	  phaseresp(t))	  +	  
brespCos(mphaseresp(t))	  +	  	  acardSin(m	  phasecard(t))	  	  +	  	  
bcardSin(m	  phasecardi(t))	  
Phasecard	  =	  2π	  (t-‐t1)/(t2-‐t1)	  
Phaseresp	  =	  funcBon	  of	  depth	  of	  breathing)	  

CORRECTION	  
BEFORE	  ESTIMATING	  
CONNECTIVITY	  

RETROICOR	  
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(A) Raw BOLD time series

(B) BOLD as a function of the phase of the respiratory cycle (C)

(D) Raw (red) and corrected (black) BOLD time series (E) Corresponding power spectra

Supplementary Fig. S2. Respiratory artifact from an example voxel in the fourth ventricle. The color code in
A,B and C) denotes to the phase of the respiratory cycle at the time of slice acquisition. Otherwise, conventions as
in supplementary Fig S1. Note how slowly cardiac cycle changes as a function of volume. This is due to similar
breathing and slice acquisition rates which leads to aliasing of the breathing artifacts into long wavebands.

Teichert,	  Grinband,	  Hirsch	  &	  Ferrera,	  Neuropsychologia,	  2010	  	  
	  



Khalili-‐Mahani	  et	  al,	  Neuroimage,	  2013	  

RETROICOR: Reduces Variance 



Respiration Correction Method 2 

APPLY	  CORRECTION	  
BEFORE	  ESTIMATING	  
CONNECTIVITY	  

RVHRCOR	  

Chang	  et	  al,	  2009	   Birn,	  2012	  
STD(resp)	  over	  6sec	  window	   Mean	  Δ(t)adjacent	  ECG	  

triggers	  over	  6	  s	  	  

CORRECTION	  
BEFORE	  ESTIMATING	  
CONNECTIVITY	  

RVHRCOR	  



Khalili-‐Mahani	  et	  al,	  Neuroimage,	  2013	  

RVHRCOR: Reduces Variance 



Respiration Correction Method 3 

Glover	  et	  al,	  2000	   Chang	  et	  al,	  2009	  

A	  priori	  model	  	  
of	  phase	  

A	  priori	  HRF	  
For	  resp	  &	  
heart	  

The	  amount	  of	  air	  inhaled	  by	  each	  breath	  	  
•  Take	  Δ	  min	  &	  max	  peaks	  of	  the	  respiratory	  waveform	  
•  Divided	  by	  the	  the	  Bme	  between	  the	  peaks	  
•  Smooth	  with	  a	  moving	  average	  filter	  that	  spanned	  6	  s.	  
	  
(common	  to	  include	  deriva0ves	  &	  shi4s)	  	  

CORRECTIVE	  
REGRESSORS	  TO	  
DUAL	  REGRESSION	  	  

RVcorr	  	  



Khalili-‐Mahani	  et	  al,	  Neuroimage,	  2013	  

Rvcorr: Reveals Correlated Noise 



Region Specific Residuals 

APPLY	  CORRECTION	  
to	  RAW	  data	  

APPLY	  REGRESSORS	  TO	  
DUAL	  REGRESSION	  	  

RETROICOR	   RVHRCOR	   RV	  	  

Glover	  et	  al,	  2000	   Chang	  et	  al,	  2009	   Birn,	  2012	  Birn	  2008	  

Birn	  et	  al,	  2006:	  over	  76%	  of	  variaBons	  in	  the	  posterior	  cingulate	  explained	  by	  respiraBon	  



Statistical Outcome Difference 

q RETROICOR 
q Rvcorr 
q RVHRCOR 

Effects	  disappear	  with	  correc@on	  
Effects	  appear	  with	  correc@on	  



Statistical Outcome Difference 

q RETROICOR 
q Rvcorr 
q RVHRCOR 

Effects	  disappear	  with	  correc@on	  
Effects	  appear	  with	  correc@on	  



Statistical Outcome Difference 

q RETROICOR 
q Rvcorr 
q RVHRCOR 

Effects	  disappear	  with	  correc@on	  
Effects	  appear	  with	  correc@on	  



First Conclusion 

q  Does the physiological 
variable explain localized 
variance in BOLD signal? Yes 

q  Does noise correction change 
the statistical outcome of  the 
test? Yes, for RVHRCOR that 
smoothes the respiration and 
cardiac pulses with an HRF 

q  Is the noise spurious and 
meaningless? Not really 

 

q  We need to separate the 
neuronal and the 
vascular components of  
the physiological 
effects? 



Why do we need 
calibrated fMRI? 

To understand the 
regional heterogeneity of  
CBF, metabolism and 
oxygenation of  a drugged 
brain 

Quan@ta@ve	   in	   vitro	   receptor	   auto-‐
radiography	  of	  the	  regional	  and	  laminar	  
distribu@on	   of	   neurotransmiYer	  
receptors	  (Zilles	  &	  Amunt,	  2010)	  



The Canonical HRF in RVHRCOR 
are not sufficient 

q The  

“The estimation of an “impulse response function” does make the implicit 
assumption that the relationship between respiration changes and MRI signal 
changes is linear.” Birn, Neuroimage 2009 



Luchmann et al 2010, Exp Brain res 

Before Alcohol After Alcohol 

Flickering checkerboard test =>  
•  Alcohol led to change in HRF shape (less undershoot) 
•  Variations in HRF were heterogeneous across different brain regions 

Drugs Upset the HRF Linearity 
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Khalili Mahani et al, Human Brain Mapping, 2013 



Global and Regional Perfusion 

q  Drug-effect on 
respiration and on the 
brain share variance 

q  Respiration 
modulates cerebral 
perfusion 

Pseudocontinuous arterial spin labeling reveals
dissociable effects of morphine and alcohol on
regional cerebral blood flow

Najmeh Khalili-Mahani1,2,3, Matthias JP van Osch2,4, Evelinda Baerends1,2,3,
Roelof P Soeter1,2,3, Marieke de Kam5, Remco WM Zoethout5,6, Albert Dahan6,
Mark A van Buchem1,2, Joop MA van Gerven5,7 and Serge ARB Rombouts1,2,3

1Leiden Institute for Brain and Cognition, Leiden University, Leiden, The Netherlands; 2Department of
Radiology, Leiden University Medical Center, Leiden, The Netherlands; 3Institute of Psychology, Leiden
University, Leiden, The Netherlands; 4CJ Gorter Center for High-field MRI, Leiden University Medical Center,
Leiden, The Netherlands; 5Center for Human Drug Research, Leiden, The Netherlands; 6Department of
Anesthesiology, Leiden University Medical Center, Leiden, The Netherlands; 7Department of Neurology,
Leiden University Medical Center, Leiden, The Netherlands

We have examined sensitivity and specificity of pseudocontinuous arterial spin labeling (PCASL) to
detect global and regional changes in cerebral blood flow (CBF) in response to two different
psychoactive drugs. We tested alcohol and morphine in a placebo-controlled, double-blind
randomized study in 12 healthy young men. Drugs were administered intravenously. Validated
pharmacokinetic protocols achieved minimal intersubject and intrasubject variance in plasma drug
concentration. Permutation-based statistical testing of a mixed effect repeated measures model
revealed a widespread increase in absolute CBF because of both morphine and alcohol.
Conjunction analysis revealed overlapping effects of morphine and alcohol on absolute CBF in
the left anterior cingulate, right hippocampus, right insula, and left primary sensorimotor areas.
Effects of morphine and alcohol on relative CBF (obtained from z-normalization of absolute CBF
maps) were significantly different in the left putamen, left frontoparietal network, cerebellum, and
the brainstem. Corroborating previous PET results, our findings suggest that PCASL is a promising
tool for central nervous system drug research.
Journal of Cerebral Blood Flow & Metabolism (2011) 31, 1321–1333; doi:10.1038/jcbfm.2010.234; published online 19 January 2011

Keywords: alcohol; cerebral blood flow; functional brain imaging; perfusion weighted MRI; pharma fMRI; morphine

Introduction

One of the main objectives in central nervous system
(CNS) drug development is to identify global and
regional effects of drugs on the brain, and to establish
a link between these factors and the clinical out-
comes. Global change in cerebral blood flow (CBF)
is an important marker of cerebral autoregulation
(Heiss and Podreka, 1978), whereas the regional
distribution of CBF might reflect drug effects on
functional brain activity. Initially, 15O-PET was used
to detect drug effects on cerebral circulation (Ito et al,

1999; Volkow et al, 1988). However, replication and
repetition of positron emission tomography (PET)
studies is costly and not widely available. Besides
cost and availability, drawbacks include radiation
hazards that prohibit repeated measurements within
the same subject over short periods of time. Yet, the
ability to perform repeated measurements provides
opportunity for better characterization of concentra-
tion-dependent drug effects and placebo by time
interaction effects. Therefore, research in magnetic
resonance imaging techniques for perfusion imaging,
such as arterial spin labeling (ASL), aims to offer an
advantageous alternative to PET for clinical pharma-
cology (Detre et al, 2009).

Perfusion imaging allows a quantitative measure-
ment of the CBF based on the movement of
magnetically labeled endogenous water molecules
of the arterial blood. In the last few years, the
introduction of clinical medium field magnetic
resonance imaging scanners (3 T), background
suppression, and improved labeling schemes
based on a pulsed version of continuous ASL

Received 3 November 2010; revised 6 December 2010; accepted 21
December 2010; published online 19 January 2011

Correspondence: Dr N Khalili-Mahani, Department of Radiology,
Leiden University Medical Center, P.O. Box 9600, 2300 RC, Leiden,
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This study was supported by the Netherlands Organization for
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Respiration Correction Method 4 

APPLY	  CORRECTION	  
IN	  THE	  HIGHEST	  LEVEL	  
STATISTICAL	  MODELING	  

Dominant	  
respiraBon	  
harmonic	  

Avg	  
Heart	  
rate	  

Spectral	  analysis	  



q  Physiological rates are 
also pharmacodynamic 
endpoints 

q  Neuroimaging effects 
are significant only of  
the physiological rate 
has changed 
significantly 

Statistical Outcome Difference 



Respiration Correction Method 5 

APPLY	  CORRECTIVE	  
REGRESSORS	  TO	  
DUAL	  REGRESSION	  	  

WM,	  CSF	  
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Respiration Correction Method 5 
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Second Conclusion 

q Drug related change 
in physiological 
signals impacts 
global and regional 
hemodynamics 

q Some brain regions 
are more sensitive to 
respiration-related 
changes in 
connectivity and flow 

q Must we correct 
for noise or not? 



Summary 

Easy	  to	  Use	   Changes	  
Outcome	  

Anatomical	  
Residuals	  

Interpret	  

RETROICOR	   NO	   NO	   NO	   NO	  
RVHRCOR	   NO	   YES	   YES	   NO	  
RVcorr	   NO	   NO	   YES	   Maybe	  
WM/CSF	   YES	   YES	   YES	   Maybe	  
Heart	  rate	   YES	   NO	   YES	   YES	  
Resp	  rate	   YES	   YES	   YES	   YES	  



Recommendations 

q Exploit noise, don’t eliminate it! 

q Mind the flow (and the cerebrovascular 
architecture)! 

 

q Avoid instrumentation hassles with poor 
man’s denoising (WM/CSF) 

q PCC-seeding is contentious. 
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