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Abstract

Purpose: To provide radiologic-pathologic correlation of brain injury in the Papez circuit in 

hypoxic-ischemic encephalopathy (HIE) neonates, and correlate radiologic findings with long-

term neurodevelopmental outcomes.

Methods: Twenty full-term HIE neonates were evaluated. Cerebral blood flow (CBF) values, 

obtained through pulsed arterial spin labeling (ASL) perfusion-weighted MRI, were compared by 

permutation test to identify brain regions with statistically significant perfusion changes between 

14 HIE neonates without evidence of developmental delay by Bayley-III(mean age 8.2±7.2 days) 

and 6 HIE neonates with evidence of developmental delay(mean age 13.1±8.0 days). Four 
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histopathologic studies on specimens were taken from post-mortem brains of another group of 

infants(mean age 10±6.8 days) with HIE. The infants were not the same ones who had MRIs.

Results: Significantly decreased perfusion in Papez circuit was found in HIE neonates with 

developmental delay compared with HIE neonates without delay. Decreased ASL perfusion values 

were seen in Papez circuit structures of the fornix (p=0.002), entorhinal cortex(p=0.048), 

amygdala(p=0.036), hippocampus(p=0.033), and thalamus(p=0.036). In autopsy specimens of 

neonates with HIE, anoxic (eosinophilic) neurons, reactive astrocytes, and white matter rarefaction 

were observed in these regions, providing pathology correlation to the imaging findings of HIE.

Conclusion: The Papez circuit is susceptible to hypoxic-ischemic injury in neonates as 

demonstrated by perfusion-weighted imaging and histopathology. This sheds new light onto a 

possible non-familial mechanism of neuropsychiatric disease evolution initiated in the infant 

period and raises the potential for early identification of at-risk children.

Keywords

hypoxic-ischemic encephalopathy; pulsed arterial spin labeling; cerebral blood flow; neonates; 
Papez circuit; pathology

Introduction

The Papez circuit is a complex neural circuit comprising brain structures that are now 

categorized as part of the limbic system[1, 2]. Its multitude of connections have been 

demonstrated by fiber dissection techniques on cadaveric brain specimens[3] and invivo 

magnetic resonance imaging techniques of diffusion tensor tractography[4], and super-

resolution track density imaging[5]. The circuit includes fibers extending from the 

hippocampus into the fornix to the mamillary bodies, the mammillothalamic tract 

connecting the mammillary bodies and anterior thalamus, and the anterior thalamic 

radiations linking the anterior thalamus to the cingulum. The cingulum connects to the 

entorhinal cortex, which communicates with the hippocampus, thus completing the Papez 

circuit[3]. The various brain structures and neural tracts that constitute this circuit are 

generally located lateral to the thalamus, deep to the cerebral cortex, and superior to the 

brainstem[6]. MacLean integrated the amygdala and other structures ascribed to the Papez 

circuit in his conception of the limbic system[7]. The circuit receives inputs from diverse 

areas of the neuraxis and participates in complex behaviors, such as emotion, memory, and 

social interaction[8].

A few studies have reported radiologic evidence of Papez circuit injury in adult patients with 

memory impairments. Using diffusion tensor tractography, neural injury of the Papez circuit 

was demonstrated in a patient with memory impairment following hypoxic-ischemic brain 

injury[9]. Patients with traumatic brain injury and memory impairment can injury of Papez 

circuit structures[10]. Furthermore, cognitive dysfunction after cerebral ischemia secondary 

to ischemic stroke or cardiac arrest can also be associated with damage to neural networks in 

the Papez circuit[11]. In comparison, there is paucity of literature investigating the effects of 

neonatal hypoxic-ischemic encephalopathy (HIE) on the Papez circuit and its implications 

on long-term neurodevelopmental outcomes.
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The study of Papez circuit injury following neonatal HIE may shed new light onto an 

important non-familial mechanism of neuropsychiatric disease evolution initiated in the 

infant period. Specifically, birth asphyxia is a neonatal factor associated with autism 

spectrum disorder (ASD)[12]. Recent studies have demonstrated a high proportion of 

children with moderate or severe neonatal encephalopathy who develop an ASD[13]. 

Besides ASD, studies on humans and animals have demonstrated that hypoxic-ischemic fetal 

and neonatal complications are associated with a high risk of developing schizophrenia[14], 

and mood disorders[15]. Pre- and perinatal hypoxia is also associated with decreased 

volumes of the hippocampus and amygdala in bipolar disorder[16].

Here, we examine injury to the Papez circuit in neonates with a clinical diagnosis of HIE 

using both pulsed arterial spin labeled (PASL) perfusion-weighed imaging and pathology 

specimens. We hypothesized that the Papez circuit is susceptible to hypoxic-ischemic injury 

in neonatal patients with both radiologic and pathologic evidence of brain injury. In addition, 

we hypothesized that there would be perfusion alterations in imaging from patients with 

developmental delay defined by the Bayley-III scoring system.

Methods

Participants and Pathology

Twenty term neonates were identified for a retrospective case-control study following an 

IRB-approved protocol. A waiver of consent/parental permission, assent and HIPAA 

authorization has been approved by our institutional review board. Of these patients, there 

were 14 HIE neonates without evidence of developmental delay on Bayley-III (Group A, 8/6 

males/females, mean age 8.2±7.2 days, 12 neonates underwent hypothermia, 13 neonates 

have normal conventional MRI of T1, T2 and DWI images), defined as “good” outcomes, 

and 6 HIE neonates with developmental delay by Bayley-III scores (Group B, 4/2 males/

females, mean age 13.1±8.0 days, 5 neonates underwent hypothermia, 4 neonates have 

normal conventional MRI of T1, T2 and DWI images), defined as “poor” outcomes. Linear 

regression was performed to eliminate the effect of age and gender on the PASL data. 

Developmental assessments were performed using the Bayley Scales of Infant and Toddler 

Development, 3rd Edition[17], which provides cognitive, language, and motor composite 

scores at a mean age of 16 months, ranging from 6–40 months. The good and poor outcomes 

were stratified by a threshold score of 80, and the patients were identified with good 

outcomes only when all cognitive, language, and motor composite scores were greater than 

80.

In addition, post-mortem histologic evaluation was performed on brains of another group of 

infants (Group C, 1/3 males/females, mean age 10±6.8 days) with HIE. The infants were not 

the same ones who had MRIs.

PASL data acquisition and processing

The PASL images were acquired with perfusion model of PICORE Q2T from a 32-channel 

coil 3T Siemens scanner using the following parameters: bolus time TI1=700ms, inversion 

time TI =1800ms, TR/TE=2600/14ms, 14 slices, FOV=200×200mm, 64×64 matrix, voxel 
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size=3.1×3.1×6.0mm3, flip angle=90°, 45 label/control image pairs. The cerebral blood flow 

(CBF) map was computed from the pulsed PASL images with a single-compartment 

model[18] with image preprocessing by ASL data processing toolbox (ASLtbx)[19]. The 

parameters utilized in calculating the CBF map were: The blood-brain partition coefficient λ 
= 1.10 mL/g for neonates[20], T1b = 1825ms and T2b = 191ms for neonates[21], labeling 

efficiency α = 0.98 for PASL[18]. The relaxed equilibrium magnetization M0b was 

calculated on cerebrospinal fluid (CSF), white matter (WM), and gray matter (GM) 

separately from the proton density-weighted image, with the signal ratios of the tissue type 

being RCSF = 0.87, RWM = 1.19, RGM = 0.98 [22] and T2CSF = 250ms, T2WM = 222 ms, 

T2GM = 143 m [23] used for neonates.

Statistical analysis

A Penn-CHOP neonatal brain atlas[24] was adopted to identify brain regions for statistical 

comparison between HIE neonates grouped by good and poor outcomes. The regional CBF 

map of each subject was normalized to their own mean whole brain CBF value before group 

comparison. The mean perfusion values in segmented brain structures were compared by 

permutation test to identify brain regions with statistically significant perfusion changes. P-

value of less than 0.05 was considered statistically significant.

Results

Cerebral hypoperfusion in Papez circuit results in poor long-term outcomes in neonates 
with HIE

Significantly decreased perfusion in the Papez circuit was found in the HIE neonates with 

poor long-term neurodevelopmental outcomes when compared with HIE neonates with good 

outcomes. Decreased ASL perfusion values were seen in Papez circuit structures, including 

the fornix (p=0.002), entorhinal cortex (p=0.048), amygdala (p=0.036), hippocampus 

(p=0.033), and thalamus (p=0.036) (Table 1 and Figure 1). Figure 2 showed the 

hyperperfusion and hypoperfusion in Papez circuit by anatomy and CBF maps, correlating 

to good and poor outcomes, respectively.

Histopathologic evidence of HIE in Papez circuit

We observed abnormalities in the fornix, entorhinal cortex, amygdala, hippocampus, 

thalamus, and cingulum cingulate part in an autopsy series (Figure 3). Specifically, a section 

of fornix showed reactive astrocytes and rarefaction. The entorhinal cortex demonstrated 

severe neuronal loss and edema, and nearly all remaining neurons showed hypoxic-ischemic 

changes. A section from amygdala demonstrated neuronal loss and several eosinophilic 

neurons, and a section taken from the CA1 region of hippocampus displayed pyramidal 

neurons with brightly eosinophilic cytoplasm and pyknotic nuclei. In addition, thalamus 

showed brightly eosinophilic neurons, and an example of the cingulum cingulate part 

demonstrated several reactive astrocytes and edema.

For all cases illustrated, the damage in the limbic regions was equal to or greater than the 

damage in other brain regions. The most significant damage in these cases was often seen 

within the hippocampus and entorhinal cortex. For the subset of cases where damage was 
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also present outside of the limbic regions, the involved areas were other cortical regions, 

basal ganglia and cerebellum.

Discussion and Conclusion

HIE is a leading cause of morbidity and mortality in the neonatal population, occurring with 

an incidence of 3 per 1000 live births in developed countries[25]. Neonatal HIE has been 

studied extensively and divided into two subtypes: watershed-predominant and central grey 

nuclei-predominant[26]. Prolonged HIE is typically associated with watershed injury, and 

acute HIE with central grey nuclei involvement. However, less is known about the 

involvement of the effect of HIE on the Papez circuit or limbic system, which includes a 

group of interconnected cortical and subcortical structures dedicated to linking visceral 

states and emotion to cognition and behavior[27]. The present study demonstrates that the 

structures of the Papez circuit are injured in neonatal HIE with radiologic-pathologic 

correlation.

In addition, our results support the role of ASL perfusion-weighted imaging in the detection 

of neonatal HIE and its potential guidance of prognostication and treatment. Cerebral 

hypoperfusion was observed within multiple structures of the Papez circuit, including the 

fornix, entorhinal cortex, amygdala, hippocampus, and thalamus, in neonates with 

neurodevelopmental delay as suggested by Bayley-III scores below 80. Persistent 

hypoperfusion may be associated with irreversible cell death and brain injury[28, 29]. Since 

injury to the Papez circuit has been associated with a variety of disorders, such as ASD[13], 

short- and long-term memory impairment[30], cerebellar cognitive affective syndrome[31], 

depression[32], schizophrenia[33], and Alzheimer’s disease[34], the study of injury of the 

Papez circuit following neonatal HIE may elucidate an important non-familial mechanism of 

neuropsychiatric disease evolution.

Neuronal cell death has been deeply studied in neonatal HIE[35]. In the present study, 

entorhinal cortex, amygdala, hippocampus, and thalamus demonstrated neuronal loss and 

neurons with eosinophilic cytoplasm, shrunken cell bodies, and pyknotic nuclei[35, 36], 

with the shrunken, eosinophilic neuron (anoxic neuron) being the hallmark of HIE. In 

addition, the fornix and cingulum cingulate part demonstrated reactive astrocytes, indicative 

of brain injury. Astrocytes provide structural, trophic, and metabolic support to neurons and 

modulate synaptic activity, and impairment of these functions during brain ischemia can 

critically influence neuron survival[37]. The fornix also contained regions of rarefaction, an 

abnormality which can be caused by hypoxic/ischemia[38]. It is still unclear to what degree 

apoptotic or necrotic mechanisms of cell death account for damage triggered by neonatal 

HIE[39].

Interestingly, hyperperfusion to the Papez circuit was associated with good 

neurodevelopmental outcomes. Reperfusion following a hypoxic ischemic insult can be 

restorative or harmful, depending on the extent to which it triggers the reperfusion injury 

cascade [40]. It may be that the increased perfusion to the circuit is a restorative process 

following HIE in the group with favorable neurodevelopmental outcome. The finding should 

be interpreted with caution, however, as hyperperfusion to brain regions following HIE has 
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been implicated in poor neurodevelopmental outcomes likely due to reperfusion injury [40]. 

Hence, such perfusion based prediction of clinical outcomes will depend on a more 

complete understanding of the spatiotemporal evolution of cerebral perfusion, and that in the 

context of therapeutic interventions, co-morbidities, inherent vulnerability (i.e. gender, 

genetic, or metabolic), complications such as intracranial hemorrhage or seizures, and/or 

neurobehavioral interventions.

A few limitations existed in the present study. (1) The hypoperfusion in the cingulum 

cingulate part was not demonstrated on ASL imaging, while abnormality in the cingulum 

was demonstrated by pathology. The cingulum is a core part of the limbic system[41]. The 

cingulum contains long fiber tracts, and the areas of injury may have been sufficiently small 

to be below the resolution of ASL. This could be further studied by diffusion tensor 

tractography with fiber tracking. (2) The Bayley-III scores are widely ranging from 6–40 

months, and not all post-mortem cases had available ASL data to perform individual-specific 

radiologic-pathologic correlation. (3) ASL data of neonatal brain is low resolution, which 

may raise questions of the validity of perfusion values in small anatomic structures. 

Nonetheless, our initial findings reveal important insights into the long-term implications of 

early injury to the Papez circuit.

In summary, we demonstrate that the Papez circuit is susceptible to hypoxic-ischemic injury 

in neonatal patients both on imaging and in pathology specimens. Bayley-III scores 

suggestive of developmental delay are associated with significantly lower perfusion values 

on ASL in the circuit. This finding raises the possibility of using perfusion-weighted 

imaging for detection of at-risk children who could benefit from further surveillance and 

interventions to improve long-term neurocognitive and neuropsychiatric outcomes.
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Figure 1. 
An example of Papez circuit regions with 3D segmentation.
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Figure 2. 
Hyper/hypoperfusion in Papez circuit correlate to good/poor outcome. (a) Hyperperfusion 

and hypoperfusion in Papez circuit in different slices shown by anatomy and CBF maps. (b) 

3D plot of cognitive, language, and motor composite scores. The scores are stratified to good 

and bad outcomes by threshold of 80.
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Figure 3. 
Histopathologic evidence of HIE in the fornix, entorhinal cortex, amygdala, and 

hippocampus, thalamus, and cingulum cingulate part. All images are of hematoxylin and 

eosin-stained sections taken at 200x magnification. Black arrows in (b-e) designate 

examples of eosinophilic (anoxic) neurons in each image. White arrows in (a) and (f) 

designate examples of reactive astrocytes. Asterisks in (a) designate regions of tissue 

rarefaction. The scale bar in (d) applies to all images.
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Table 1

Brain regions with significant perfusion differences between HIE neonates grouped by good and poor 

outcomes.

Brain regions Normalized CBF (mean±std) p-value

Group A:
HIE neonates with good outcomes

Group B:
HIE neonates with poor outcomes P<0.05

fornix 1.86±0.41 1.14±0.34 0.002

thalamus 2.25±0.58 1.60±0.20 0.036

entorhinal cortex 2.14±0.59 1.48±0.21 0.048

amygdala 2.06±0.51 1.43±0.30 0.036

hippocampus 2.09±0.39 1.58±0.36 0.033

HIE=hypoxic-ischemic encephalopathy, CBF=cerebral blood flow
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