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Abstract

Anorexia nervosa is a serious psychiatric disorder characterized by restricted eating, a pursuit of 

thinness, and altered perceptions of body shape and size. Neuroimaging in anorexia nervosa has 

revealed morphological and functional alterations in the brain. A better understanding of 

physiological changes in anorexia nervosa could provide a brain-specific health marker relevant to 

treatment and outcomes. In this study, we applied several advanced magnetic resonance imaging 

(MRI) techniques to quantify regional and global cerebral blood flow (CBF) in 25 healthy women 

(HC), 23 patients currently with anorexia (AN-C) and 19 patients in long-term weight recovery 

following anorexia (AN-WR). Specifically, CBF was measured with pseudo-continuous arterial 

spin labeling (pCASL) MRI and then verified by a different technique, phase contrast (PC) MRI. 

Venous T2 values were determined by T2 relaxation under spin tagging (TRUST) MRI, and were 

used to corroborate the CBF results. These novel techniques were implemented on a standard 3T 

MRI scanner without any exogenous tracers, and the total scan duration was less than 10 min. 

Voxel-wise comparison revealed that the AN-WR group showed lower CBF in bilateral temporal 

and frontal lobes than the AN-C group. Compared with the HC group, the AN-C group also 

showed higher CBF in the right temporal lobe. Whole-brain-averaged CBF was significantly 

decreased in the AN-WR group compared with the AN-C group, consistent with the PC-MRI 

results. Venous T2 values were lower in the AN-WR group than in the AN-C group, consistent 

with the CBF results. A review of prior work examining CBF in anorexia nervosa is included in 

the discussion. This study identifies several differences in the cerebral physiological alterations in 

anorexia nervosa, and finds specific differences relevant to the current state of the disorder.
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1. Introduction

Anorexia nervosa is a serious psychiatric disorder characterized by calorie restriction 

leading to significant weight loss, fear of weight gain, and a disturbance in body-image 

(American Psychiatric Association, 1994). The precise etiology of anorexia nervosa is still 

unknown, but many factors are thought to contribute to anorexia, including genetic, neural, 

psychological, and social (Garfinkel and Garner, 1983; Bulik et al., 2008; Kaye et al., 2011; 

Brown and Keel, 2012; Scott-Van Zeeland et al., 2014). Unfortunately, the success of 

treatments is very limited, with nearly 5% of patients dying from the disorder, the highest 

mortality rate for any mental illness (Hoek, 2006; Bulik et al., 2008). A better understanding 

of the physiological characteristics of brain function in anorexia nervosa may assist in 

understanding both the causes and consequences of the illness.

Cerebral microvasculature abnormalities may play a significant role in the psychiatric 

disorders (West, 2007). It is plausible that abnormalities in microvasculature can result in 

functional deficits because of the coupling between neuronal activity and blood oxygen 

consumption (Roy and Sherrington, 1890; Kuschinsky, 1991). The most common techniques 

used to detect this abnormality are to measure brain perfusion and metabolic parameters by 

nuclear medicine techniques such as positron emission tomography (PET) and single-photon 

emission computed tomography (SPECT). Techniques based on magnetic resonance 

imaging (MRI) are more attractive for psychiatric research because they provide both 

noninvasive and reproducible measures of cerebral microvasculature (Theberge, 2008). 

Several studies have shown agreement between MRI-based physiological studies and 

nuclear medicine studies (Liu et al., 2012; Zimny et al., 2015). Arterial spin labeling (ASL) 

MRI relies on the use of magnetically tagged or labeled blood as an endogenous tracer that 

does not involve any injection of MRI contrast agent, making it more convenient for 

subjects. In recent years, it has been used to study several psychiatric diseases, such as 

schizophrenia (Risterucci et al., 2005; Ota et al., 2014), depression (Doraiswamy et al., 

1999; Clark et al., 2001; Clark et al., 2006a; Clark et al., 2006b), dementia (Du et al., 2006; 

Hayasaka et al., 2006), and addictions (Gazdzinski et al., 2006; Clark et al., 2007).

Anorexia nervosa is associated both with medical complications (Garfinkel et al., 1983; 

Mitchell and Crow, 2006) and disturbances of brain function (Bailer and Kaye, 2011; Kaye 

et al., 2011). As such, cerebral vasculature changes may be particularly important in 

anorexia nervosa, and cerebral blood flow (CBF) might provide a measure of the severity of 

brain dysfunction occurring in patients with anorexia. Physiological brain differences in 

anorexia nervosa have been investigated in studies using nuclear medicine-based techniques, 

with largely heterogeneous results (Gordon et al., 1997; Kuruoglu et al., 1998; Naruo et al., 

2001; Råstam et al., 2001; Takano et al., 2001; Chowdhury et al., 2003; Kojima et al., 2005; 

Lask et al., 2005; Key et al., 2006; Matsumoto et al., 2006; Frank et al., 2007; Yonezawa et 

al. 2008; Komatsu et al., 2010; Frampton et al., 2011). A review of this literature is included 

in the discussion and summarized in Table 1.

Here, we applied pseudo-continuous arterial spin labeling (pCASL) as well as other 

advanced MRI techniques to obtain rapid, non-invasive measures of cerebral physiological 

Sheng et al. Page 2

Psychiatry Res. Author manuscript; available in PMC 2016 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



parameters, including CBF and venous T2 values, markers of blood oxygenation. Further, 

we compared these parameters among subjects with a current diagnosis of anorexia nervosa 

(AN-C), subjects in long-term weight recovery from anorexia nervosa (AN-WR), and 

healthy women (HC) to determine if cerebral physiological characteristics differed during 

different stages of the disorder.

2. Methods

2.1. Participants

Subjects came to an initial screening appointment to provide written informed consent to 

participate in this study. The Health Insurance Portability and Accountability Act compliant 

protocol was approved by the University of Texas Southwestern Institutional Review Board, 

and written informed consent was obtained from all participants. A total of 67 female 

subjects, between 18 and 47 years of age were included. All subjects were interviewed using 

the Structured Clinical Interview for DSM-IV disorders (SCID-RV) to confirm the history 

of anorexia nervosa in the AN-C (n = 23) and AN-WR (n = 19) groups, and the absence of 

current or past eating disorders in the HC group (n = 25). All subjects in the AN-C group 

had met the DSM-IV criteria for anorexia nervosa within the previous 12 months, and were 

required to be at a stable or increasing weight (no weight loss exceeding 2 kg in preceding 8 

weeks). Many of these subjects (16 of 23) had completed an intensive treatment program or 

partial hospital program for anorexia nervosa within the previous 12 weeks. All subjects in 

the AN-WR group had met the DSM-IV criteria for AN previously but had maintained a 

healthy weight, defined as a minimal body-mass index (BMI) greater than or equal to 19.0 

kg/m2, for at least 2 years. No participants met criteria for any psychotic disorders, for 

bipolar disorder, or for a history of a traumatic brain injury. Clinician-administered 

quantitative assessments of depression (Quick Inventory of Depression, Clinician-Report), 

and anxiety (Structured Inventory of Generalized Hamilton Anxiety Symptoms, SIGH-A) 

were obtained. The Eating Attitudes Test-26 was used to assess current disordered eating 

behaviors in all three groups (Table 2). The participants did not have any safety 

contraindications for MRI such as metal implants, pacemaker, neurostimulator, body 

piercings, or claustrophobia.

2.2. General MRI procedures

All experiments were conducted on a 3T MR system (Philips Healthcare, Best, The 

Netherlands). The body coil was used for radiofrequency transmission, and an eight-channel 

sensitivity encoding (SENSE) head coil was used for receiving (Dai et al., 2008; Aslan and 

Lu, 2010). A 3D T1-weighted magnetization-prepared-rapid-acquisition-of-gradient-echo 

(MPRAGE) scan was performed for anatomical reference and the estimation of brain 

volume. The MPRAGE sequence used the following imaging parameters: repetition time 

(TR) of 8.1 ms, echo time (TE) of 3.7 ms, flip angle (FA) of 12°, shot interval of 2100 ms, 

inversion time (TI) of 1100 ms, voxel size of 1 × 1 × 1 mm3, 160 slices with a sagittal slice 

orientation, and total scan duration of 3 min 57 s.
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2.3. Pseudo-continuous arterial spin labeling (pCASL) MRI methods and analysis

The pCASL MRI method was used to obtain regional CBF values and to evaluate regional 

heterogeneity of CBF change (Aslan and Lu, 2010). Forty pairs of control and labeled 

images were acquired using a multi-slice echo-planar imaging (EPI) acquisition. Imaging 

parameters for pCASL experiments were as follows: single-shot gradient-echo EPI, field of 

view (FOV)=240×240 mm2, matrix=80×80, voxel size=3×3 mm2, 29 slices acquired in 

ascending order, thickness=5 mm, labeling duration 1650 ms, post-labeling delay 1525 ms, 

TR/TE =4205/13.81 ms, FA= 90°, and scan duration = 5 min 40 s.

The pCASL control and labeled images were realigned using Statistical Parametric Mapping 

software (SPM5, Wellcome Department of Imaging Neuroscience, London, UK, 

www.fil.ion.ucl.ac.uk/spm) running in MATLAB (Mathworks, Natick, MA). The CBF map 

was calculated using a perfusion kinetic model similar to that described by Thomas et al. 

(Thomas et al., 2013). For the normalization, MPRAGE images were first segmented to gray 

matter, white matter and cerebrospinal fluid (CSF) in SPM. Next, the gray matter images 

were spatially normalized to the gray matter template of the Montreal Neurological Institute 

(MNI) atlas and applied to the CBF maps. CBF maps were smoothed with a full-width at 

half-height (FWHH) of 8 mm to reduce noise. A whole brain mask was applied to CBF 

maps to exclude out-of-brain voxels.

For CBF map analysis, a whole brain voxel-wise analysis of variance (ANOVA) and follow-

up post hoc t-tests were conducted in SPM5 to compare data across all three groups. Maps 

were thresholded using a voxel height of P<0.005 and extent of 256 voxels, which 

corresponded to a cluster-PFWE-Corrected < 0.001 according to the “3d clustersim” function in 

AFNI. Region of interest (ROI) analysis on the CBF map was performed using in-house 

MATLAB scripts. ROIs in different brain lobes were defined from the clusters that showed 

a significant group difference in the voxel-wise comparison within each lobe. Anatomical 

masks of major brain lobes were generated by Automated Anatomical Labeling (AAL) 

software, and were defined in the MNI template space. If an isolated significant cluster was 

observed in a lobe, the cluster was defined as the functional ROI of this lobe and was 

applied to the CBF map. If multiple clusters were observed within one lobe, the clusters 

were combined into one functional ROI of this lobe, and applied to the CBF maps.

2.4. Phase-contrast MRI methods and analysis

Phase-contrast (PC) flow velocity MRI (Fig. 1) was used to measure the whole-brain, global 

CBF (Liu et al., 2013). Time-of-flight angiogram was performed before the PC flow 

measurements to obtain the anatomical information of the feeding arteries of the brain. The 

slice positioning and imaging parameters followed the optimized protocols established 

earlier (Liu et al., 2013), as follows: TR/TE/flip angle = 23 ms/3.45 ms/18°, field of view 

(FOV) =160 × 160 × 70.5 mm3, voxel size = 0.3 × 0.3 × 1.5 mm3, number of slices = 47, 

one 60-mm saturation slab positioned above the imaging slab, and scan duration = 1.4 min. 

Since the brain is supplied exclusively by four arteries, left and right internal carotid arteries 

(ICAs) and left and right vertebral arteries (VAs), we performed four PC-MRI scans, with 

each scan targeting one specific feeding artery. An automatic algorithm was applied to 

determine PC-MRI slice positioning of the targeting arteries (Liu et al., 2014). Imaging 
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parameters of PC MRI were as follows: one slice, FOV = 200 × 200 × 5 mm3, voxel size = 

0.5 × 0.5 × 5 mm3, 4 averages, maximum velocity encoding = 80 cm/s, and scan duration = 

0.5 min for one PC scan. An ROI was then drawn on each of the four arteries based on the 

magnitude image (Aslan et al., 2010). The ROI mask was applied to the velocity map, and 

the integration of the velocity within the ROI (i.e., velocity × area) yielded CBF in units of 

ml/min. To obtain a unit volume CBF value in order to account for brain volume, we use 

software FSL (FMRIB Software Library, Oxford University, UK) to segment the high-

resolution T1 image into gray matter, white matter and cerebrospinal fluid. The brain’s 

parenchyma volume was given by the sum of gray and white matter volumes, and converted 

to the weight of the brain by assuming a parenchyma density of 1.06 g/ml (Herscovitch et 

al., 1985). The CBF (in ml/100 g/min) was normalized to unit volume to account for 

differences in brain volume across subjects.

2.5 T2-relaxation under-spin-tagging (TRUST) MRI methods and analysis

The T2-relaxation under-spin-tagging (TRUST) MRI technique (Fig. 2) provides a measure 

of whole-brain venous blood T2 values (Lu and Ge, 2008; Ge et al., 2012; Lu et al., 2012). 

Venous blood T2 is a surrogate marker of blood oxygenation, which is thought to be tightly 

coupled to blood flow (Liu et al., 2013), and should provide results comparable to both the 

pCASL and PC-MRI CBF techniques. In the TRUST approach, pure venous blood signal 

was first isolated from the superior sagittal sinus (SSS) by subtracting the labeled image 

from the control image (Lu and Ge, 2008) (Fig. 2A). The venous blood signals were then 

fitted to a monoexponential function to obtain T2 (Fig. 2B). The imaging parameters were as 

follows: voxel size 3.44 × 3.44 × 5 mm3, TR = 3000 ms, TI = 1022 ms, four effective TEs = 

0, 40, 80, and 160 ms, labeling thickness = 100 mm, gap = 22.5 mm, and scan duration = 1.2 

min. This procedure did not use any exogenous tracers.

2.6. Statistical analysis of whole-brain CBF values

A one-way ANOVA was conducted to identify significant differences between the means of 

three independent groups for the whole-brain CBF values (P<0.05). Post hoc two-tailed 

Student t-tests (P<0.05) were used to assess specific pairwise differences between the 

groups.

3. Results

3.1. Demographic and clinical comparisons

No significant differences in age or intelligence quotient were observed across the AN-C, 

AN-WR and HC groups (Table 2). As expected, the mean BMI value of the AN-C group 

was significantly lower than those of the other two groups. Similarly, the three groups 

differed in the amount of reported eating disorder symptoms, with the AN-C group showing 

significantly more symptoms than both the AN-WR and HC groups. The AN-WR group 

continued to report more eating disorder symptoms than the HC group. Although both the 

AN-C and AN-WR groups showed significantly more anxiety and depression symptoms 

than the HC group, they did not differ from each other in these symptoms, which are 

associated with other psychiatric illnesses that are commonly comorbid with eating disorders 

(Dellava et al., 2011; Touchette et al., 2011).
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3.2. Whole-brain cerebral blood flow

Three different techniques were included to assess whole-brain CBF. First, using pCASL 

MRI, we found that group-averaged CBF maps showed differences among the AN-C, AN-

WR and HC groups (Fig. 3A). Whole-brain-averaged CBF values were extracted from the 

pCASL CBF maps (Fig 3B, mean CBF±SEM in ml/100g/min, AN-C 46.2±2.0, AN-WR 

40.2±1.4, HC 43.3±1.5), with a post hoc t-test showing a significant difference between the 

AN-C and AN-WR groups (t=2.4, P=0.02). Second, using PC-MRI (Methods in Fig.1), we 

also found that the AN-C group had significantly higher CBF values (CBF±SEM in ml/

100g/min, AN-C 64.2±1.8, AN-WR 58.9±2.0, HC 62.4±1.8, t-test, t=2.0, P=0.05) than the 

AN-WR group (Fig. 3C). Finally, TRUST-MRI (Methods in Fig. 2) provided a noninvasive 

assessment of cerebral blood oxygenation. Group differences in the T2 were seen (mean

±SEM, AN-C 81.8±3.8 ms, AN-WR 67.0±2.4 ms, HC 75.3±3.2 ms, ANOVA, F=3.9, 

P=0.03), with the post hoc pair-wise comparisons also demonstrating that the group 

difference was based on elevated T2 in the AN-C group relative to the AN-WR group (t-test, 

t=3.0, P=0.005) (Fig. 3D). For all three groups, venous T2 was highly correlated with CBF 

(Fig. 4), confirming its utility as an indicator of CBF (AN-C: R=0.9, P<0.001, AN-WR: 

R=0.6, P=0.003, HC: R=0.9, P<0.001).

3.3. Regional differences in cerebral blood flow

The pCASL MRI technique allows examination of regional differences in CBF. On visual 

inspection of the whole-brain pCASL maps (Fig. 3A), it is apparent that differences are 

present mainly in the frontal and temporal lobes. These regional differences in the CBF map 

were further characterized in two ways. First, whole-brain voxel-wise t-tests were used to 

compare the CBF maps. Significant clusters resulted from two comparisons as follows: the 

AN-C group relative to the AN-WR group (Table 3, Fig. 5A) and the AN-C group relative 

to the HC group (Table 3, Fig. 5B). There were no significant differences in CBF in either 

direction in the AN-WR and HC comparisons.

Second, follow-up ROI analysis was performed to obtain regional CBF values within these 

regions, using masks of the frontal and temporal lobes and the single cluster in the right 

inferior temporal gyrus (RITG) as ROIs. One-way ANOVA showed main effects of group 

on all ROIs (frontal F=5.5, P=0.006; temporal F=5.0, P=0.009; RITG F=8.7, P=0.0004). 

The mean CBF values in the frontal lobe (mean±SEM, AN-C 51.6±2.5, AN-WR 41.6±1.8, 

HC 47.0±1.8 unit in ml/100 g/min), the temporal lobe (mean ±SEM, AN-C 50.8±2.5, AN-

WR 41.1±2.0, HC 44.8±1.7 unit in ml/100 g/min) and the right inferotemporal gyrus (mean 

±SEM, AN-C 42.4±2.7, AN-WR 32.3±1.4, HC 32.3±1.5 unit in ml/100 g/min) are shown in 

Fig. 5C. The significant differences in the frontal and temporal clusters resulted from the 

AN-C and AN-WR comparison (frontal lobe AN-C/AN-WR comparison, t=3.3, corrected 

P=0.004; temporal lobe AN-C/AN-WR comparison, t=3.0, corrected P=0.01). In the RITG, 

the AN-C showed significantly higher CBF than both the AN-WR (t=3.3, P=0.002) and HC 

(t=33, P=0.002) groups.
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4. Discussion

Physiological changes in the brain may be important in both illness and recovery in anorexia 

nervosa. Here, we applied three different techniques to examine CBF and venous 

oxygenation in healthy women (HC), women currently experiencing anorexia (AN-C), and 

women in long-term recovery from anorexia (AN-WR). This experimental design allowed 

us to extract information about both acute and chronic changes in brain physiology in 

anorexia nervosa. We measured CBF and venous T2 values quantitatively, rapidly (<10 min) 

and non-invasively. Interestingly, we found that the AN-WR group had significantly lower 

CBF than the AN-C group based on both pCASL, and PC-MRI techniques. Voxel-wise 

comparisons using the pCASL data showed that these differences were most pronounced in 

the bilateral temporal and frontal cortex. The TRUST MRI technique was used to confirm 

that there were lower venous blood T2 values in AN-WR group compared with the AN-C 

group.

4.1. Clinical considerations

Although there is no previous literature on quantitative global CBF measurement in anorexia 

nervosa, some studies have investigated regional CBF (rCBF) by PET-CT or SPECT. In a 

reviewing this literature, we identified 14 studies examining rCBF in anorexia nervosa 

(Table 1). Six studies measured rCBF in subjects when they were underweight (Gordon et 

al., 1997; Naruo et al., 2001; Takano et al., 2001; Chowdhury et al., 2003; Key et al., 2006; 

Yonezawa et al., 2008). Six studies focused on pediatric patients (Gordon et al., 1997; 

Kuruoglu et al., 1998; Chowdhury et al., 2003; Lask et al., 2005; Komatsu et al., 2010; 

Frampton et al., 2011), and five on adult patients (Takano et al., 2001; Kojima et al., 2005; 

Key et al., 2006; Matsumoto et al., 2006; Frank et al., 2007; Yonezawa et al., 2008). Five 

studies compared rCBF before and after weight recovery, three with primarily pediatric 

subjects (Kuruoglu et al., 1998; Komatsu et al., 2010; Frampton et al., 2011), and two in 

adults (Kojima et al., 2005; Matsumoto et al., 2006). There are four studies examining rCBF 

in currently-ill adult women, but the BMI for subjects in three of these studies (Naruo et al., 

2001; Takano et al., 2001; Yonezawa et al., 2008) was substantially lower than in our study, 

leaving only one study of 11 subjects by Key et al. (Key et al., 2006) containing subjects 

comparable to our AN-C group based on BMI and age. Similarly, there is one study by 

Frank et al. (Frank et al., 2007), using PET to assess rCBF in 18 long-term weight recovered 

subjects comparable to our AN-WR group.

Here, we observed elevated rCBF both in the frontal and temporal cortices and in whole-

brain measures for the AN-C group, a result that differs from hypoperfusion reported 

previously. However, there are differences in the clinical populations and comparisons 

performed. The AN-C group examined here primarily consisted outpatients who were 

compared with long-term weight-recovered subjects as well as healthy subjects. In contrast, 

the previous adult studies (Naruo et al., 2001; Takano et al., 2001; Key et al., 2006; 

Yonezawa et al., 2008) examined patients with anorexia soon after initial admission for 

treatment, a time when symptom severity is typically highest and when both acute and 

chronic effects of starvation are likely, and compared these subjects with healthy women.

Sheng et al. Page 7

Psychiatry Res. Author manuscript; available in PMC 2016 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Another reason for this discrepancy may be differences in data processing. Some studies 

(Naruo et al., 2001; Kojima et al., 2005) used normalized CBF maps scaled to an overall 

mean CBF of 50 ml/100 g/min instead of the original CBF maps used here. Further, 

although hypoperfusion has generally been reported, each study has found different regions. 

Using SPECT, Chowdhury et al. (2003) observed hypoperfusion differences in the temporal 

and frontal lobes, whereas Naruo et al. (2001) and Takano et al. (2001) both found 

hypoperfusion of the anterior cingulate cortex (ACC). Similarly, using PET to examine 

glucose metabolism in the brain, Delvenne et al. (1995) found hypometabolism of glucose in 

the frontal lobe, but Miller et al. (2004) observed hypometabolism of glucose in the 

temporal lobes. In sum, all of these data, as well as our data, suggest that CBF may be most 

sensitive to altered metabolic needs present in the temporal and frontal regions in anorexia 

nervosa.

Another major difference in this study is its cross-sectional design and inclusion of both 

current-patients as well as long-term weight-recovered patients with a history of anorexia. 

Only one study, Frank et al. (2007), compared long-term weight-recovered adult patients 

with healthy subjects and reported no differences in rCBF. Consistent with that study, we 

did not observe differences in rCBF in the comparison of the AN-WR group with the HC 

group. However, we found differences in the comparisons of the AN-WR group with the 

AN-C group. These differences may reflect changes related to the process of recovery from 

anorexia. Most previous studies examining the effects of weight recovery on cerebral 

physiology have focused on short-term weight changes (Gordon et al., 1997; Kuruoglu et al., 

1998; Komatsu et al., 2010), with only one examining long-term changes after sustained 

recovery (Frampton et al., 2011). Both Gordon et al. (1997) and Frampton et al. (2011) 

similarly found temporal lobe hypoperfusion after weight restoration, but Kuruoglu et al. 

(1998) and Komatsu et al. (2010) reported hypoperfusion before treatment and normal brain 

perfusion after acute weight gain. In sum, all of these studies suggest perfusion differences 

are present in anorexia and may be altered by weight gain.

If the CBF alteration reflects physiological change in anorexia nervosa, what are some 

possible mechanisms? CBF is regulated under the influence of neural, chemical, metabolic 

and physical factors, and mechanisms of this regulation in the brain are not completely 

understood. Studies have reported a significant correlation between hematocrit and BMI in 

anorexia nervosa (Nova et al., 2008), and CBF also appears to vary inversely with 

hematocrit (Ainslie and Ogoh, 2010). One theory is that CBF changes with arterial O2 

content to maintain a steady level of cerebral oxygen transportation (Brown et al., 1985). 

Because the AN-C cohort has a lower BMI, this group might have a lower hematocrit value 

than the AN-WR cohort, and thus the CBF differences observed in the AN-C and AN-WR 

groups may result from compensations designed to maintain normal cerebral oxygen 

transportation in spite of fluctuations in hematocrit. Alternatively, during illness, AN-C 

patients may adapt to a lower oxygen delivery to the brain that persists after weight 

recovery.
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4.2. Technical considerations

The earlier nuclear medicine studies required the injection of an exogenous tracer which 

exposes patients to radiation, whereas the pCASL, PC-MRI, and TRUST techniques are 

noninvasive, fast and reliable (Luh et al., 1999; Wong, 2007; Dai et al., 2008; Aslan et al., 

2010). Because of the increased efficiency and reduced risk of both pCASL and PC-MRI 

compared with SPECT in examining CBF, future work using this technique may provide 

more detailed understanding of the cerebral physiological changes occurring in AN. 

Specifically, this technique can easily be coupled with other MRI paradigms. Ideally, 

longitudinal changes related to both acute and sustained weight recovery in anorexia nervosa 

could be examined. Larger cohorts of subjects at different stages of the disease would 

provide an understanding of how cerebral physiological differences may contribute to both 

illness and recovery.

PC-MRI was used to evaluate CBF in addition to pCASL because quantification of the 

pCASL signal involves more complex modeling and parameter assumptions than PC-MRI. 

Specifically, the longitudinal relaxation time of blood (T1) is an important parameter for 

quantification and optimization of blood flow measurement based on the ASL technique 

(Detre et al., 1992). T1 values vary with field strength (Stanisz et al., 2005) but also depend 

on temperature and the hematocrit fraction (Hct) (Bryant et al., 1990; Silvennoinen et al., 

2003). Lu et al. (2004) demonstrated that blood samples with a lower Hct tend to have a 

longer T1. Approximately one third of patients currently with anorexia show anemia, due to 

iron and vitamin deficiencies, and might have a lower than normal hematocrit (Hutter et al., 

2009; Cleary et al., 2010). Therefore, variations in hematocrit could be a confounding factor 

for the pCASL technique for this study. Because PC-MRI is not dependent on the Hct value, 

we capitalized on this technique to support the CBF findings obtained from the pCASL 

technique. PC-MRI is widely used to quantify whole-brain CBF, by measuring and 

combining flow flux at the main feeding arteries of the brain. By adding an algorithm that 

provides precise and accurate scanning guidance to help automate position planning of the 

majority of arteries, PC is also capable of measuring CBF quantitatively, rapidly (less than 2 

min), and non-invasively (Liu et al., 2014). The PC-MRI measure of CBF showed similar 

results as the pCASL measure (Fig. 3).

Our observation of lower CBF in the AN-WR group relative to the AN-C group was also 

corroborated by the venous T2 data. For the TRUST-MRI data, the venous T2 value, a 

marker of blood oxygenation, was found to be decreased in the AN-WR group. From 

extensive physiology literature, it is known that blood oxygenation is tightly coupled to 

CBF, which forms the basis of the blood-oxygen-level-dependent (BOLD) functional MRI 

brain-mapping technique. Thus, the finding of a lower venous oxygenation in the AN-WR 

group is consistent with and provides further support to the notion of a lower CBF in AN-

WR.

4.3. Limitations

There are several limitations to these studies. First, this is a cross-sectional study comparing 

three groups: women that have recently had anorexia, women that had anorexia but are in 

long-term weight recovery, and healthy women. Based on the disease process and recovery 
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rates following adult anorexia nervosa, a group that successfully maintains weight recovery 

from the illness may differ from a group make up of those that are unable to recover. Thus, 

the CBF differences observed in the recovered group may reflect either pre-existing 

differences in those patients or changes resulting from recovery. Another limitation relates 

to comorbid psychiatric illnesses. Both the AN-C and AN-WR groups showed significantly 

more anxiety and depression symptoms than the HC group, but did not differ from each 

other in those measures. Two depression studies have measured CBF with similar 

techniques: Clark et al. (2006a) found elevated CBF in bilateral amygdala, and Doraiswamy 

et al. (1999) found lower CBF in the left periventricular and parietal region. We found 

differences in other regions, consistent with prior work in anorexia, supporting that the 

differences observed here are specific to anorexia nervosa. Another limitation of the studies 

is related to the possibility that group differences in hematocrit affect the calculation of 

CBF. Both anemia and bone marrow changes are common in anorexia, but resolve with 

weight gain (Hutter et al., 2009; Cleary et al., 2010). In future studies, measurement of 

hematocrit in concert with the CBF and venous oxygenation would provide a more detailed 

mechanistic understanding of brain oxygenation and CBF. The ideal study would include a 

large cohort of patients and controls, with longitudinal measures of BMI, CBF and 

hematocrit in patients during the course of treatment: initial presentation, at discharge 

following intensive treatment, and years after initial treatment. In this way, the progress of 

the disorder and its effects on cerebrovasculature could be better understood. This study 

design is possible using the non-invasive techniques described here.

5. Conclusions

The present study used two different non-invasive techniques to assess CBF. Findings 

suggest patients in long-term recovery from anorexia, compared with currently ill patients, 

have lower CBF values. These differences in CBF occurred primarily in temporal and 

frontal lobes in the AN-C and AN-WR comparison. Additionally, TRUST MRI revealed 

lower venous T2 values in AN-WR patients, further supporting the CBF findings. The AN-C 

cohort also showed elevated CBF compared with the HC cohort in the right temporal lobe. 

These data support the idea that alterations in the cerebral physiology are present in 

anorexia, and further suggest that localized differences may be present in the temporal and 

frontal lobes. Future studies should focus on development of a mechanistic and functional 

understanding of the consequences of these CBF alterations.
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Highlights

• Regional and global cerebral blood flow (CBF) is examined in anorexia nervosa 

with MRI techniques.

• We compare healthy women (HC), women currently with anorexia (AN-C), and 

women in weight-recovery following anorexia (AN-WR).

• Whole-brain CBF was less in the AN-WR group than in the AN-C group.

• Venous T2 relaxation values were less in the AN-WR group than in the AN-C 

group.

• Regional differences were primarily in the frontal and temporal lobes.
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Fig. 1. 
Slice positions and typical results of phase-contrast (PC) MRI for the quantification of 

global CBF. Four PC MRI scans, red bars for internal carotid arteries (ICA) and green bars 

for vertebral arteries (VA) are positioned perpendicular to the respective feeding arteries on 

an angiogram image (shown in the middle). The corresponding PC MR images for each 

artery are shown in the side panels, with the blue arrows directing to each artery. The phase 

images of the target arteries (circled) always appear in the center of the image and are easily 

identified.
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Fig. 2. 
Measurement of venous T2 value using T2 relaxation under spin tagging (TRUST) MRI. A. 

Left figure illustrates imaging slice (yellow) and labeling slab (green) of the TRUST scan. 

Middle panels show raw images of control and labeled scans. The red boxes illustrate the 

manually drawn region of interest of the superior sagittal sinus (SSS). Right panels show 

difference images, i.e. control-labeled. eTE = effective echo time. Red circle highlights the 

location of the SSS. B. Monoexponential fitting of the signal intensity in SSS as a function 

of eTE yields blood T2 value.
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Fig. 3. 
Whole-brain cerebral blood flow. A. Group-averaged CBF maps for AN-C, AN-WR, and 

HC groups. CBF differences are visually apparent in bilateral frontal and temporal lobes. B. 

Mean CBF of each group using pCASL technique. C. Mean CBF of each group using PC-

MRI technique. D. Mean T2 values for each group using TRUST technique. For BCD, the 

AN-C mean is in blue, the AN-WR mean in red, and the HC mean in green. The error bar is 

the standard error of the mean. One asterisk corresponds to P ≤0.05; two asterisks indicate 

P<0.01.
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Fig. 4. 
Scatter plots correlating the T2 values and the CBF obtained using PC-MRI for individual 

subjects. A. AN-C subjects. B. AN-WR subjects. C. HC subjects. There are strong 

correlations for all three groups.
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Fig. 5. 
Regional cerebral blood flow. A. Whole-brain voxel-wise t-test for the AN-C and AN-WR 

groups. Red regions are those with significantly higher CBF in the AN-C group relative to 

the AN-WR; differences are primarily in the bilateral temporal and frontal lobes. B. Whole-

brain voxel-wise t-test for the AN-C and HC groups. The red region in the inferotemporal 

cortex has significantly higher CBF in the AN-C group relative to the HC group. For both A 

and B, significance threshold for differences was set at cluster PFWE < 0.001. C. ROI 

analysis for frontal lobe, temporal lobe and right inferior temporal gyrus. The AN-C group 

mean is in blue, the AN-WR group mean in red, and the HC group mean in green. Error bar 

is the standard error of the mean. One asterisk corresponds to P ≤0.05; two asterisks indicate 

P<0.01.
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Table 1

Prior studies examining regional cerebral blood flow (rCBF) in patients with anorexia nervosa (AN) in 

chronological order of publication.

Technique Experimental Design Results

Gordon et al., 1997 99mTc
HMPAO/ECD
SPECT

rCBF measured at one time
point for AN pediatric patients
(n, 15, age, 13.1, weight for
height, 82%).

13 or 15 patients with unilateral
reduced rCBF in temporal lobe.
Follow-up scans with same
pattern.

Kuruoglu et al., 1998 99mTc HMPAO
SPECT

Case-reports of two subjects
with AN, aged 16 and 18. Both
subjects scanned initially, treated
for over a year, rescanned after 3
months of normalized weight.

Bilateral frontal, parietal, and
frontotemporal hypoperfusion
at low weight, normal after
treatment.

Takano et al., 2001 123I-IMP SPECT rCBF compared at one time
point for 2 groups: HC (n, 8, age
28.3, BMI, 19.7) and AN (n, 14,
age, 21, BMI, 14.0).

Patients with hypoperfusion in
medial prefrontal cortex
(MPFC) and anterior cingulate
(ACC) and hyperperfusion of
thalamus and amygdala-
hippocampus.

Naruo et al.,2001 PAO SPECT rCBF compared at one time
point for 3 groups: HC (n, 7,
age, 21.9, BMI, 20.0), AN-Ra (n,
7, age, 21.7, BMI, 12.8), and
AN-BPb (n, 7, age, 25.6, BMI,
14.5).

Reduced rCBF in bilateral ACC
and frontal regions in AN-R
group relative to AN-BP and
HC groups.

Råstam et al., 2001 99mTc HMPAO
SPECT

rCBF compared for AN (n, 21,
age 22.1, BMI, 21.2) and non-
psychiatric pediatric patients (n,
9, age 9.7, BMI, 16.2). Subjects
with AN included both weight-
recovered and underweight.

AN group with hypoperfusion
of temporal, parietal, occipital,
and orbitofrontal lobes.

Chowdhury et al., 2003 99mTc ECD
SPECT

rCBF measured at one time
point for 15 new-onset pediatric
subjects with AN (n, 15, age,
14.9, weight for height, 83%).

73% of patients with unilateral
hypoperfusion of one region (9
with temporal lobe, 5 with
parietal lobe, and 3 with frontal
lobe and thalamux)

Lask et al., 2005 99mTc ECD
SPECT

rCBF measured at one time
point for pediatric subjects with
AN (n, 24, age, 14.4, BMI, not
reported)

66% of patients with unilateral
hypoperfusion in different
regions (12, temporal; 4
parietal; 5 thalamic)

Kojima et al., 2005 99mTc HMPAO
SPECT

rCBF measured before and after
weight recovery for subjects
with AN-R (n, 12, age 18, BMI
before treatment, 12.5, BMI
after treatment, 15.6, length of
treatment, 104 days) and
compared to HC measured only
once (n, 11, age, 22, BMI,
20.1).

Before treatment, AN-R group
with lower rCBF in ACC, right
parietal, insula, occipital lobes.
After weight gain, rCBF
increased in right parietal with
decreased in basal ganglia and
cerebellum

Key et al., 2006 99mTc ECD
SPECT

rCBF compared at one time
point for 2 groups of adult
women: HC (n, 11, age, 26,
BMI, 22), and AN (n, 11, age,
28, BMI, 17).

8 of 11 patients with
hypoperfusion in the anterior
temporal lobe and/or caudate
nuclei

Matsumoro et al., 2006 123I-IMP SPECT rCBF examined before and after
weight recovery: AN only (n, 8,
age, 18.5, BMI at admission,
12.9, at discharge, 18.8, length
of treatment 175 days).

After treatment, rCBF
increased in precuneus, ACC,
posterior cingulate gyrus
(PCG), right dorsolateral
prefrontal (DLPFC), and
MPFC.

Frank et al., 2007 [15O] water PET rCBF compared at one time
point for 3 groups: HC (n, 8,
age, 26, BMI, 23), weight-

rCBF similar across groups.
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recovered AN-R (n, 10, age, 24,
BMI, 24), and weight-recovered
AN-BP (n, 8, age, 24, BMI, 25).

Yonezawa et al., 2008 99mTc HMPAO
SPECT

rCBF compared at one time
point for 3 groups: HC (n, 10,
age, 20.6, BMI, 19.7), AN-R (n,
13, age, 22.2, BMI, 13.8), and
AN-BP (n, 13, age, 22.3, BMI,
13.4)

Both AN-R and AN-BP with
decreased perfusion in bilateral
subcallosal gyrus, PCG, corpus
callosum, midbrain, and pons.

Komatsu et al., 2010 123I-IMP SPECT rCBF compared before and after
weight recovery for pediatric
AN (n = 10, age 13.2 yrs, initial
BMI 13.1, post-treatment BMI
16.6, treatment 4 months).

Following treatment, increased
rCBF in bilateral parietal lobe,
and right PCG.

Frampton et al., 2011 99mTc ECD
SPECT

Follow-up of 9 AN participants
now in weight-recovery ~4
years after scans for the
Chowdhury, 2003 study.

7 patients with significant and
persisting unilateral temporal
hypoperfusion.

a
AN-R: anorexia nervosa, restricting type

b
AN-BP: anorexia nervosa, binge-purge type
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Table 2

Participants’ demographic and clinical assessments (mean ± SD)

HC AN-C AN-WR ANOVA

Average age (years) 25.5±6.6 25.8±8.3 30.4±8.4 0.09

Intelligence quotient 120.1 ±11.2 120.2±8.3 120.9±10.1 0.96

Body-mass index (kg/m2) 22.6±2.7 18.2±1.6 23.0±3.0 <0.001a

Eating Attitudes Test 33±3.7 36.6±17.8 15.2±10.1 <0.001b

Quick Inventory of Depression 1.5±1.8 6.8±5.7 4.6±4.1 <0.001c

Hamilton Anxiety 2.0±2.6 9.6±8.6 7.3±6.2 <0.001c

Abbreviations: HC, healthy controls (n=25); AN-C, currently ill patients (n=23); AN-WR, weight-recovered patients (n=19). ANOVA, analysis of 
variance. Follow-up Student t-test:

a
HC vs. AC-C, P<0.001; AN-WR vs. AN-C, P<0.001.

b
AN-C vs. HC, P<0.001; AN-C vs. AN-WR, P<0.001; AN-WR vs. HC, P=0.005.

c
AN-C vs. HC, P<0.001; AN-WR vs. HC, P<0.05.
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