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Abstract

We evaluated the potential effectiveness of dynamic contrast-enhanced perfusion-weighted images (PWI) in determining hemodynami
activation in brain structures that may be involved in mediating the symptomatology of patients with obsessive—compulsive disorder (OCD),
as manifested by contamination obsessions with washing compulsions. Ten unmedicated female patients with OCD were subjected to PW
and relative cerebral blood flow (rCBF) in each region of interest (ROI) and self-ratings of OCD symptoms were compared before and after
symptom provocation. We found that increases in the Anxiety Analogue Scale (AAS) and OCD Analogue Scale (OCDAS) scores were eact
significantly associated with provocation. The correlations between OCDAS and AAS scores were also statistically significant during both the
control and provoked conditions. Compared with the control state, there was a significant increase in rCBF during the symptomatic state in th
right head of caudate nucleus, thalamus, and bilateral orbitofrontal cortices (OFC). No statistical changes in rCBF were found in the bilatera
anterior cingulate cortices (ACC). These findings demonstrate that OCD symptomatology is accompanied by anxiety, and that abnorma
features are particularly apparent in the orbitofrontal-subcortical circuits.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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Obsessive—compulsive disorder (OCD) is a common psychi- contrast-enhanced perfusion-weighted images (PWI), a wide
atric disorder. Despite dramatic advances in the pharmaco-variety of neural dysfunctions have been implicated in the
logic and behavioral treatment of patients with OCD, there pathophysiology of obsessive—compulsive disorder (OCD).
remains much to be learned about its pathophysiology. ThreeThe structures involved in the prefrontal-striatal-thalamo-
different functional imaging study designs have been used tocortical circuits have often been reported as hyperactive in
elucidate the pathophysiology of OCD: comparing subjects resting brain-imaging studies in OCD patiefi5,17] Addi-
with OCD with normal controls; scanning subjects with OCD tionally, studies performed before and after treatnfie®it19]
before and after treatment to measure metabolic changesave suggested a possible role of other neuroanatomic cir-
which correspond to treatment response; and activation stud-cuits involving orbitofrontal and anterior cingulate cortices,
ies in which patients are scanned both in the resting statestriatum, and thalami.
and during provocation of their symptoms or during a cog-  Symptom provocation studies in patients with OCD have
nitive activation task. Using functional imaging techniques, shown that the structures involved in frontal-subcortical cir-
including positron emission tomography (PET), single pho- cuits are hyperactivgs,2,11,14,16] suggesting that the or-
ton emission computed tomography (SPECT), and dynamic bitofrontal and anterior cingulate cortices, as well as the
striatum and thalami, are involved in the pathophysiology of
* Corresponding author. Tel.: +86 10 62385612; fax: +86 10 62017700. OCD. Previous quantitative analysis of cerebral hemodynam-
E-mail addresshhb1630@vip.sina.com (H.-B. Han). ics with symptom provocation using SPECT and PET had
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found that the relative cerebral blood flow (rCBF) within the to quantify each patient's OCD symptoms according to the
orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), OCD Analogue Scale (OCDAS). These scales provide clin-
caudate nucleus and thalamus increased after the symptonical measures by which to gauge the magnitude of patient
provocation11,16] PWI, which provides better spatial res- responses to innocuous and provocative stirfiléj. For
olution than radioimaging techniques, was first used in the both scales, a score of 10 was equated with the most severe
present study to evaluate the potential effectiveness of thissymptoms previously experienced by the patient, while 0 was
technique in determining hemodynamic activation in brain equated with the complete absence of symptoms.
structures that may be involved in mediating the symptoma-  After being placed in the scanner in a supine position,
tology of patients with OCD. We, therefore, acquired PWI each patient was allowed to habituate to the environment,
images during both control and provoked states in unmedi- during which time analogue scale scores were obtained every
cated OCD patients with contamination obsessions and wash-3 min. For each patient, innocuous and provocative stimuli
ing compulsions, and we quantitatively analyzed changes inwere matched for sensory, motor, and cognitive components
cerebral hemodynamics occurring within each region of in- so that they differed only in meaning to patients and the affec-
terest (ROI) during symptom provocation. It was proposed tive state evoked. The aversive stimuli were tissues or rubber
that the rCBF within some of the ROIs would increase after gloves contaminated with waste, whereas the innocuous
the symptom provocation, and the PWI would be a valuable stimuli were “clean” versions of the same objects (i.e. uncon-
technique in providing powerful evidence for the pathophys- taminated tissues or new rubber glovEsj]. Immediately
iology of OCD. after placement of the stimulus, the patient was instructed to
Our patient cohort consisted of 13 right-handed female close her eyes and allow her thoughts to focus on the stimulus,
outpatients, aged between 18 and 50 years, who had confollowing which the patient was asked to indicate the severity
tamination obsessions with washing compulsions and metof her anxiety and OCD symptoms on the corresponding
DSM-1V diagnostic criteria for OCD without current comor-  scales just before each PWI. When the scan was finished, the
bid diagnoses. Other inclusion criteria included the absencestimulus was removed. For each patient, two PWI scans were
of other neuropsychical disorders (e.g. schizophrenia, eatingperformed 30 h apart during the resting and the provoked
disorder, generalized anxiety disorder, major depression, andstate in random order. OCDAS and AAS scores were deter-
bipolar disorder), medical conditions (e.g. hypertension or mined by averaging the scores at the beginning and the end
diabetes), and non-use of drugs with central nervous systemof PWI.
effects (also excluded nicotine use, alcohol use or other il-  PWI scans were performed on patients in the supine posi-
licit drug use) for at least 30 days prior to the study. For each tion using a 1.5-T MR imager (Siemens Magnetom Vision,
patient, one scan was performed before and one after provoErlangen, Germany) with a quadrature head coil (Siemens
cation. Six PWI scans from three patients were excluded from Co., Germany). A pillow with foam padding was used
analysis due to technical problems (two patients) and unac-to minimize patient movement in the head coil. Earplugs
ceptable motion artifacts (one patient). Thus, 20 scans fromand headphones were provided to block background noise
10 patients were available for analysis. Excluded patients didand to communicate with patients, respectively. Following
not differ from active participants with respect to age, educa- routine T1- and T2-weighted imaging, a transverse high-
tion or gender. resolution T1-weighted scan (repetition time (TR)/echo time
The meant S.D. age of the included patients was 26444  (TE) 600/14 ms; 90flip angle; 10 slices of 5-mm thickness
8.46 years (range, 18-45 years), with an average education oach, 1-mm gap; 23-cm field of view (FOV)) was acquired
(meant S.D.) 11.33+ 1.32 years (range, 10-13 years). The for anatomic reference in a direction parallel to the ante-
mean &S.D.) course of OCD was 5.2b 8.28 years (range,  rior commissural-posterior commissural (AC-PC) plane. The
0.25-27 years), and the meah§.D.) severity of OCD, as  upmost slice located 40 mm above the AC-PC line, and the
measured by Yale—-Brown Obsessive—Compulsive Scale (Y-lowest slice located 20 mm under the AC-PC line. Following
BOCS), was 25.1& 8.43 (range, 13—40). Since all patients exposure to a stimulus, dynamic contrast-enhanced PWI ac-
were scanned in both resting and provoked states, each serveduisitions were collected simultaneously in the same planes
as her own control. as the previous transverse high-resolution TIWI using a rapid
Written informed consent was obtained from each patient. T2*-weighted echo-planar free-induction-decay (FID) pulse
The study protocol was approved by the Subcommittee on sequence. After scanning had begun and four sets of baseline
Human Studies of the Health Center of Peking University, images had been acquired, each patient was administered an
Beijing. intravenous bolus of dimeglumine gadopentetate (Gd-DTPA,
Stimuli were designed by each patient and a psychiatrist Magnevist, Schering, Berlin, Germany), 0.2 mmol/kg, at a
prior to the scanto ensure that each patient's OCD symptoma-flow rate of 4 mL/s over 3-5 s, using an automatic MR power
tology was effective and well tolerated. Symptom provoca- injector (Spectris, SMR200, Medrad Inc., Pittsburgh, PA),
tion and subsequent 10-point, self-reporting analogue scaledollowed immediately by a flush with the same volume of
were performed by each patient for about 5h before for- saline at the same rate. The parameters employed for PWI
mal studies to quantify the severity of each patient’s anx- were TR/TE 1.2/42.1 ms, 90flip angle, 128128 matrix
iety according to the Anxiety Analogue Scale (AAS), and size, 23-cm FOV and 1 excitation, and 40 sets of 10 image
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Table 1

The OCD and Anxiety Analogue Scale scores during the resting (or control) and the provocation stagg (

OCD Analogue Scale (OCDAS) scores Anxiety Analogue Scale (AAS) scores

Resting state Provocation state Resting state Provocation state
Pre- Post- Mean Pre- Post- Mean Pre- Post- Mean Pre- Post- Mean
0 1 0.5 5 6 55 1 1 1.0 3 2 2.5
1 1 1.0 7 6 6.5 2 1 15 3 3 3.0
1 1 1.0 8 8 8.0 2 2 2.0 2 2 2.0
1 1 1.0 6 7 6.5 1 1 1.0 3 3 3.0
1 1 1.0 6 7 6.5 0 1 0.5 3 2 2.5
1 1 1.0 6 6 6.0 1 1 1.0 3 2 2.5
1 2 1.5 6 7 6.5 1 1 1.0 3 4 35
1 2 1.5 7 7 7.0 2 1 15 3 3 3.0
0 1 0.5 7 6 6.5 1 2 15 3 3 3.0
1 1 1.0 7 8 7.5 1 1 1.0 2 3 2.5

OCD, obsessive—compulsive disorder; pre-, pre-scaning; post-, post-scaning.

planes, which were the same as those used in the prior high-ROIs were drawn first on the right hemisphere, and mirrored
resolution TIWI. About 30 h later, the FID pulse sequence ROIs were subsequently placed on the left hemisphere. Four
with the same location and extension as the first one wascircular regions with same size of 0.1 éwere delineated
performed repeatedly while the patient was exposed to anwithin each ROI, and Sl was measured in different regions to
individualized provocative/innocuous stimulus. obtain the mean rCBF of corresponding ROI.

Image processing was performed using standard image All statistical analyses were performed using the Statisti-
analysis software available on the MR unit. Cerebral blood cal Package for the Social Sciences (SPSS for WINDOWS
perfusion maps (CBPM) were created and analyzed. The sig-software). For all contrasts, a two-tailed statistical signifi-
nal intensity (SI) of ROl was measured bilaterally before and cance level was set & < 0.05. The paired Studentigest
after stimulus. Changes of Sl occurring during cerebral tran- was used to compare differences in AAS and OCDAS scores
sit of the high magnetic susceptibility Gd-DTPA were con- between the two conditions. Pearson product—-moment statis-
verted to contrast agent concentration—time curves. The facttics were performed for correlations between OCDAS and
that the two concentration—time curves of cerebellum during AAS scores in both states. Measurements of rCBF during
the resting and the provoked state obtained in our study al-the two states were compared using paired Studetd'st.
most overlapped supported the cerebellum was less affected OCDAS and AAS scores immediately before and after
than other regions during provocations in OCD pati¢h@3. the control or provoked scans shown separatelyahle 1
So we used the cerebellum as a reference region, and rCBFlemonstrated that the stimuli persisted through the scans. The
of each ROI (i.e. the ratios of index regional mean value to provocative stimuli designed individually for each patient in-
cerebellum mean value) were then calculated and analysedcluded in the analysesresulted inincreased OCDAS and AAS
Blood vessels, which appear very bright in dynamic suscep- scores when compared with the scores after innocuous stim-
tibility contrast MRI, were segmented and excluded from all uli (Table 9. Mean &S.D.) OCDAS scores were 1.600.33
regional analyses. There were four ROl measurements in eactor the baseline condition and 6.650.71 for the provoked
hemisphere, yielding eight ROIs including the bilateral OFC, condition, a statistically significant increage<{0.01). Mean
ACC, heads of caudate nuclei, and thalami. OFC measure-AAS scores were 1.2& 0.42 for the resting condition and
mentwas placed in supracellar cistern plane, this ROl located2.75+ 0.42 for the provoked condition, a difference that was
between orbital gyrus and inferior frontal gyrus; ACC mea- also statistically significantf < 0.01). The correlations be-
surement was placed in the plane displaying body of caudatetween OCDAS and AAS scores were statistically significant
nucleus, corresponding ROI located around cingulate sulcus;for both the controli(= 0.79,P = 0.006) and provoked (=
the rCBF values in the heads of caudate nuclei and the tha-0.69,P =0.027) conditions. Statistically significantincreases
lami were measured in the plane showing column of fornix. in rCBF during the OCD symptomatic state compared with

-(I;Ecl)?:lepzrison of the OCD and Anxiety Analogue Scale scores between resting (or control) and provocatiarrst8e (

OCD Analogue Scale (OCDAS) scores Anxiety Analogue Scale (AAS) scores

Rest Provocation t d.f. P Rest Provocation t d.f. P
1.00+0.33 1.65+0.71 —26.717 9 0.000 1.28:0.42 275+ 0.42 —7.619 9 0.000

OCD, obsessive—compulsive disorder.
2 Significantly increased after symptom provocation: paired Studete'st, at the 0.05 level (two-tailed).
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Table 3

Significant increase in rCBF within several ROIs after symptom prococatierQ)

ROIs rCBF (ROl/cerebellar CBF ratio) (meanS.D.) t d.f. P
Before provocation After provocation

Right anterior cingulate cortex 0.610.16 0.76+ 0.12 -0.817 9 0.438

Left anterior cingulate cortex 0.8% 0.15 1.00+ 0.16 —0.587 9 0.573

Right orbitofrontal cortex 1.050.16 1.47+0.26 —2.361 9 0.043

Left orbitofrontal cortex 0.8 0.10 1.18+0.1%8 —2.389 9 0.041

Right head of caudate nucleus 1688.13 1.38+0.14 —2.666 9 0.026

Left head of caudate nucleus 1.490.20 1.18+0.23 Q085 9 0.934

Right thalamus 0.7¢0.11 1.03+0.18 —2.527 9 0.035

Left thalamus 1.14-0.24 1.32+0.39 —2111 9 0.064

OCD, obsessive—compulsive disorder; ROI, the region of interest; CBF, the cerebral blood flow; rCBF, the relative cerebral blood flow.
a Significantly different from those before symptom provocation: paired Studetet&, at the 0.05 level (two-tailed).

the control state were observed in the bilateral OFC, the right cortex. This indirect circuit has three inhibitory connections,
head of caudate nucleus, and the right thalariablg 3. making it a net ‘negative feedback’ loop. The imbalance of

Our finding, that OCDAS and AAS scores were signifi- direct > indirect pathway ‘tone’ is regarded as the pathophys-
cantly increased following provocation, suggests that OCD iological model of OCD. OCD symptomatology may be the
symptoms were successfully induced during the second PWIresult of a ‘captured’ signal in the direct cortical-subcortical
scan. The correlation between these two scores in both thepathway. This captured signal may be due to an imbalance
resting and provoked states provides evidence that OCDbetween direct and indirect pathway tone, with the direct
symptomatology is accompanied by anxiety in patients with pathway having greater influence than the indirect pathway,
OCD. The brain regions we found to be activated upon symp- with greater inhibition of the GPi, leading to greater thalamo-
tom provocation are mostly consistent with previous struc- cortical activation.
tural, neuropsychological and functional studies, suggesting High-speed EPI-PWI techniques are more sensitive to
that dysfunction in the OF(L,2,5,8,13,16,20,21Fktriatum changes in CBF than PET or SPECT, which have the dis-
[5,16]and thalamu§3,4,6,14,15,19ay play arolein OCD  advantages of limited spatial and temporal resolution as well
symptomatology.

The asymmetries observed during rCBF changes in OCD
partly reflect the asymmetric vasculature in the brain and the

underlying asymmetry of brain functi¢n]. The OFC, partic- ] Striatum

ularly on the right side, has been found to be activated by the| COritofrontal cortex ) D1 D2 ‘
provocation of obsessive—compulsive symptd&id4,16] L.

a finding confirmed by the results of this study. Although Direct (-) @ () || indirect
less consistent, abnormalities in thalamic areas have been re (+) +) Pathway Pathway

ported across different cultures. The major function of the
thalamus consists of the integration and relay of sensory and Thalamus <3?<
motor information. Neuropsychological studies also support

the involvement of the thalamus in the pathophysiology of +) )
OCD[10].
Based on our findings and the previous neuropsycholog- [ Subthalamic nucleus ]

ical studies, we have demonstrated a conceptual diagram

,Of the Cortlcal'SUbgor_tlcal, CIrCUItngj 1) operauonal dUI.’- Fig. 1. A pathophysiological model of OCD speculated through the cur-
ing symptom mediation in OCD patients with contamina- (en study in patients with OCD who had contamination obsessions and
tion obsession and washing compulsion. The orbitofrontal- washing compulsions. The orbitofrontal-subcortical circuit originates in the
subcortical circuit originates in the OFC, which projects to orbitofrontal cortices (OFC), which projects to striatum. The ‘direct’ path-

striatum. The ‘direct’ pathway leading from striatum projects way leading from striatum projects to the Gpi/SNr complex (the main output

. . . : station of the basal ganglia), then to the thalamus, and back to the cortical site
to the globus pallidus interna/substantia nigra, pars r(:"“Cl"la‘t"’lof origin. This pathway contains two excitatory and two inhibitory projec-

(Gpi/SNr) complex (the main output station of the basal gan- ygng, making it a net ‘positive feedback’ loop. The ‘indirect’ pathway also

glia), then to the thalamus, and back to the cortical site of ori- originates in the frontal cortex and projects to the striatum, but then projects
gin. This pathway contains two excitatory and two inhibitory to the GPe, then to the subthalamic nucleus, frontal cortex. This indirect
projections, making it a net ‘positive feedback’ IOOp. The circuit has three inhibitory connections, making it a net ‘negative feedback’

Gt ) - . loop. GPi and SNr: globus pallidus interna/substantia nigra, pars reticulata
indirect’ pathway also originates in the frontal cortex and complex; GPe: globus pallidus external; SNc: substantia nigra, pars com-

projeCts to the striatum, but then projects '[.0 the gIObUS pal— pacta; D1: dopamine D1-type receptor; D2: dopamine D2-type receptor; (+):
lidus external (GPe), then to the subthalamic nucleus, frontal excitatory projection;<): inhibitory projection.
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