
BRIEF RESEARCH REPORT
published: 18 February 2019

doi: 10.3389/fnana.2019.00017

Edited by:

Jose L. Lanciego,
University of Navarra, Spain

Reviewed by:
Todd M. Preuss,

Emory University, United States
Ricardo Insausti,

University of Castilla La Mancha,
Spain

*Correspondence:
Zang-Hee Cho

zcho1@snu.ac.kr;
zhcho36@gmail.com

Received: 01 November 2018
Accepted: 01 February 2019
Published: 18 February 2019

Citation:
Choi S-H, Kim Y-B, Paek S-H and

Cho Z-H (2019) Papez Circuit
Observed by in vivo Human Brain
With 7.0T MRI Super-Resolution

Track Density Imaging and
Track Tracing.

Front. Neuroanat. 13:17.
doi: 10.3389/fnana.2019.00017

Papez Circuit Observed by in vivo
Human Brain With 7.0T MRI
Super-Resolution Track Density
Imaging and Track Tracing
Sang-Han Choi1, Young-Bo Kim2, Sun-Ha Paek3 and Zang-Hee Cho1,4*

1Neuroscience Research Institute, Suwon University, Gyeonggi, South Korea, 2Neuroscience Research Institute, Gachon
University, Incheon, South Korea, 3Department of Neurosurgery, Seoul National University Hospital, Seoul, South Korea,
4AICT, Seoul National University, Seoul, South Korea

The Papez circuit has been considered as an important anatomical substrate involved in
emotional experience. However, the circuit remains difficult to elucidate in the human
brain due to the resolution limit of current neuroimaging modalities. In this article,
for the first time, we report the direct visualization of the Papez circuit with 7-Tesla
super-resolution magnetic resonance tractography. Two healthy, young male subjects
(aged 30 and 35 years) were recruited as volunteers following the guidelines of the
institutional review board (IRB). Track density imaging (TDI) generation with track tracing
was performed using MRtrix software package. With these tools, we were able to
visualize the entire Papez circuit. We believe this is the first study to visualize the complete
loop of the Papez circuit, including the perforant path (PP), thalamocortical fibers of the
anterior nucleus (AN), and mammillothalamic tract (MTT), which were hitherto difficult to
visualize by conventional imaging techniques.

Keywords: Papez circuit, perforant path, track density imaging, 7T DTI, fiber tracking

INTRODUCTION

The classical Papez circuit is the neural loop goes through from hippocampal formation to
mammillary body (MB) in the hypothalamus to anterior nucleus of the thalamus (AN) to cingulate
gyrus/part of the parahippocampal gyrus (PHG) and back to the hippocampal formation. This loop
provided for interaction among the neocortex, limbic structures and hypothalamus, and originally
proposed that their interconnections might be the anatomical substrate of central emotion and
emotional experience. The Papez circuit is now known to be more involved in the consolidation of
declarative memory (Papez, 1937; John, 2009).

In more detail, the Papez circuit is composed of five neural paths: hippocampal
formation—fornix—MB—mammillothalamic tract (MTT)—AN—thalamocortical fiber
of the anterior nucleus (ANTCF)—cingulate gyrus—cingulum—PHG, entorhinal cortex
(EC)—perforant path (PP), and back to the hippocampal formation (see Supplementary
Figure S1; Augustinack et al., 2010). Although a number of non-invasive imaging studies have
been conducted on the Papez circuit (Caldinelli et al., 2017; Wei et al., 2017), few imaging
studies cover the entire Papez circuit in living humans. This is due to the inability to observe
the Papez circuit in in vivo human, particularly the PP and the ANTCF (Choi et al., 2018).
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Meanwhile, super-resolution track density imaging (TDI) has
been developed and substantially improved the visualization of
white matter structures (Calamante et al., 2013). The sensitivity
of TDI is further improved when combined with ultra-high
field 7-Tesla MRI (Calamante et al., 2013; Cho et al., 2015a).
By using the post-processing methods to gain spatial resolution
based on diffusion MRI fiber tracking, the super-resolution TDI
can reveal structures beyond the resolution of the acquired
imaging voxel (Calamante et al., 2010). Consequently, the 7-Tesla
super-resolution TDI technique can now be used to analyze
the fine structures of thalamocortical connections, such as the
septum pallucidum tract (Cho et al., 2015a,b,c) and the ANTCF,
the latter of which, as demonstrated earlier, is an important
new component in the direct visualization of the Papez circuit
(Choi et al., 2018).

In the present study, for the first time, we have delineated the
entire structural connections of the Papez circuit using 7-Tesla
TDI with the fiber tracking.

MATERIALS AND METHODS

There are three steps for the fiber visualization: acquisition
of diffusion-weighted imaging (DWI) data, TDI data
processing, and seed-based tracking analysis. For DWI
data acquisition, a 7-Tesla MRI scanner (Magnetom 7.0T,
Siemens, Erlangen, Germany) was used. Two healthy,
young normal male subjects (aged 30 and 35 years) were
recruited as volunteers following the recommendations of
institutional review board (IRB) of Gachon Medical School
and Korea Food and Drug Administration (KFDA) with
written informed consent from all subjects. All subjects
gave written informed consent in accordance with the
Declaration of Helsinki. The protocol was approved by
the IRB of Gachon Medical School and KFDA. DWI
data was acquired using a single-shot echo-planar imaging
sequence with the following parameters: repetition time/echo
time = 6,000/83 ms; matrix size = 128 × 128 (field of view
230 mm × 45 slices); 1.8 mm isotropic resolution; 64 DWI
directions; b-value = 2,000 s/mm2, with a b = 0 image; GRAPPA
with factor 3; and a bandwidth of 1,562 Hz/px. Scans were

performed in triplicate format with a total acquisition time of
19 min and 5 s.

DWI data were then processed using the TDI image
processing technique (Calamante et al., 2013). TDI analysis
was carried out using MRtrix software package (Brain
Research Institute, Florey Neuroscience Institute, Melbourne,
VIC, Australia). The relevant tracking parameters were:
tracking type = SD-PROB; track minimum length = 20 mm;
step-size = 0.02mm; curvature radius constraint = 0.04mm; fiber
orientation distribution cutoff for track termination = 0.3; and
number of tracks = 6,000,000 (Tournier et al., 2012). The final
TDI image was generated with a nominal isotropic resolution
of 18 mm.

Seed tracking analysis of the four paths of the Papez
circuit (ANTCF, fornix, MTT, and EC area) were performed
independently. The seed positions were located based on the
super-resolution TDI image rather than the structural MRI
anatomical image for the better positional accuracy (Figure 1).
The structural MRI image shows a better boundary of the
gray matter or vessel, however, super-resolution TDI image is
markedly better in visualization of structure and contrast of the
white matter area. Furthermore, based on structural MRI seed
positioning approach, intrinsic positioning error between the
DWI data cannot be avoided. Therefore, the super-resolution
TDI image is better suited for the accurate seed positioning
in the white matter fiber tracking (Calamante et al., 2013;
Cho et al., 2015a).

First, the subgenual anterior cingulate cortex (sgACC) was
selected as the seed position for the fiber tracking of ANTCF and
cingulum-sgACC (Cg-sg), and the AN position was determined
on the thalamic part of the resulting ANTCF for the MTT
fiber tracking (Figure 1A; Choi et al., 2018). Second, for MTT
fiber tracking, the AN and middle of the MTT were selected
as the seed_point and waypoint_mask, respectively (Figure 1A).
From the result of the processing, the fibers which starting
from the seed_point AN and passing through waypoint_mask
MTT area are generated. We searched for the MTT fiber with
a setting of the maximum fiber length of 15 mm. The MTT
area was clearly distinguishable from the fornix in the 7-Tesla
super-resolution TDI image (see Supplementary Figure S2).

FIGURE 1 | The seed_points used for fiber tracking of the Papez circuit in the sagittal (A) and coronal view (B). The seed_points are indicated by short yellow lines
with the yellow circles. The two vertical yellow dotted lines in images (A,B) indicate the slice cut of each image. As indicated, the sagittal slice is cut view at
x = 3 mm, while the coronal slice is at y = −8 mm. Legend: Fxb, fornix body; HIPP, hippocampal formation.
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FIGURE 2 | The seed tracking result of the complete Papez circuit. (A) The
resulted fiber tracks of the Papez circuit showing the cyan: ANTCF, Cg-sg;
magenta: Cg-ph, PP area, fornix; green: fornix; yellow: mammillothalamic
tract (MTT). (B) The resulted flow lines of the Papez circuit showing the red:
ANTCF, Cg-sg; green: Cg-ph; blue: PP area, fornix, and MTT. The names of
nerve fiber in the image are indicated with the white color, and other
landmarks were red. (C) The seed tracking result of the PP in the EC area
with the directional color. This main sagittal image presents the two
seed_points (p1 and p2) with red points, and yellow dot circle which indicate
the connectivity areas with the PP. Red dot line in the sagittal image indicate
the coronal section line of the small yellow box in the right side. The coronal
section image in the right shows the seed tracking results which illustrate the
connectivity in the EC. Legend: EC, entorhinal cortex; MB, mammillary body;
PP, perforant path.

The fiber tracking of the cingulum-PHG (Cg-ph) with PP were
performed by seed_point in the PHG with waypoint_mask in
the hippocampal formation (see Figure 1B). Lastly, for the
tracking of the fornix, the body of fornix was selected as the
seed_point (Figure 1A).

RESULTS

Figure 2A presents the fiber tracking results of the Papez circuit
with different colors labeled for each fiber tracking. Through
current study, for the first time, we were able to visualize
the entire Papez circuit; that is, ANTCF (cyan), Cg-sg (cyan),
Cg-ph (magenta), PP (magenta), fornix (magenta, green), and
MTT (yellow; Jones et al., 2013; Choi et al., 2018). Part of

cingulum in the sgACC area is abbreviated as Cg-sg while part
of cingulum in the PHG area as Cg-ph, respectively. ANTCF is
a thalamocortical fiber which connects the AN to the cingulate
cortex, and recent study suggested that the ANTCF connect that
via the septal area as with this result (Choi et al., 2018). Through
additional analysis studies from the other subject data, we have
confirmed the reproducibility and reliability of the study (see
Supplementary Figure S3).

Figure 2B shows the flow path we observed of the Papez
circuit which is presented in Figure 2A. Each fiber track is
color labeled as, ANTCF (red), Cg-sg (red), Cg-ph (green), PP
(blue), fornix (blue), and MTT (blue; compare with the concept
image in Supplementary Figure S1 and the result image in
Figure 2A. As seen from Figure 2B, cingulum seems separated
in two segments, as anterior segment (Cg-sg) and posterior
segment (Cg-ph), respectively. Interestingly, the two branches of
the cingulum, (Cg-sg and Cg-ph) are also clearly distinguishable
in the coronal image of the cingulum (see Supplementary
Figure S4, Jones et al., 2013; Wu et al., 2016; Wei et al., 2017).
Note there are several studies of functional localization in the
cingulum that report that the anterior portion of the cingulate
gyrus is functionally motor, while the posterior cingulate is
more involved in sensory integration (Vogt et al., 1992). This
observation is different from the original Papez’s report which
suggested that the Papez circuit is an integrated single closed loop
starting from hippocampal formation and back to the cingulate
gyrus (Papez, 1937).

Figure 2C presents another interesting observation that the
seed tracking result of the EC area with the hippocampal
formation and PHG is connected. The EC is interposed
between the hippocampal formation (architecortex) and PHG
(neocortex). In this complex, the PP connects the EC and the
dentate gyrus, thereby, it connects to the hippocampal formation
(Lee and Park, 2012). From the dentate gyrus, the PP is connected
to the fornix via the mossy fiber pathway. Additionally, the
PP is also connected to posterior part of the cingulum (Cg-
ph), and thereby forms the entire Papez circuit (see Figure 2C).
It is, therefore, can be summarized as three parts closed loop
connection circuit, that is, anterior cingulate part, posterior
cingulate part, and the subcortical limbic region.

The image inserted in the yellow box in the right side of
Figure 2C illustrates the ‘‘J’’ shaped connection via PP between
the dentate gyrus and EC. Previously, both ex vivo (Augustinack
et al., 2010; Zeineh et al., 2017) and in vivo (Yassa et al.,
2010; Zeineh et al., 2012) imaging studies of the PP have been
conducted, however, majority of studies depict only the local
view without providing the global connectional view of the entire
Papez circuit as we have observed.

DISCUSSION AND CONCLUSIONS

In this study, for the first time, we succeeded in visualizing
the entire Papez circuit in the in vivo human brain using
7-Tesla super-resolution TDI with track tracing technique.
Especially, we have succeeded in visualization of the PP
and the ANTCF in the Papez which could not hitherto be
visualized. It should be noted that instead of using the indirect
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structural MRI template, we have located the seed positions
directly from the super-resolution 7-Tesla TDI image. This
approach, in turn, allowed us to locate the seed positions
substantially better than with the structural MRI template. As
the contribution of that, we could identify the cingulum to
PHG—EC—hippocampal formation pathway for the first time,
and we could also determine the seed_point of the MTT and
ANTCF more accurately.

Finally, our experimental results demonstrated that the
cingulum consists of two distinguishable segments, the anterior
segment and posterior segment. This pattern of the cingulum can
be correlated with the several previous studies that the ACC is
largely involved in cognitive functions on emotional aspect while
the posterior aspect is more acting as a sensory integrating aspect
(Vogt et al., 1992; Raichle et al., 2001; Shackman et al., 2011).
Also, our results show that the fiber connection in the amygdala
as parts of the fornix that extend anterior to the perforant
pathway. This result is consistent with the recent report which
described the amygdalothalamic tract that travels with the fornix
(Kamali et al., 2018).

In summary, we succeeded in visualizing the entire
fiber components of the Papez circuit in the in vivo
human brain, ANTCF—(cingulate gyrus)—cingulum—(EC)—PP
—(hippocampal formation)—fornix—(MB)—MTT—(AN). We
believe that the observation not only supports the neuro anatomy

of human memory circuitry, but it also provides new insights for
the understanding of the basic mechanism related to memory
and cognition.

AUTHOR CONTRIBUTIONS

S-HC suggested the fiber, data processing, and draft
of the manuscript. S-HP and Y-BK assisted with
neuro-anatomical consultation. Z-HC formulated the
super-resolution tractography and its application to
neural circuitry.

FUNDING

This work was supported by the Brain Research Program of the
National Research Foundation of Korea (NRF), which is funded
by the Ministry of Science and ICT (2017M3C7A1049026) and
Future Planning.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnana.
2019.00017/full#supplementary-material

REFERENCES

Augustinack, J. C., Helmer, K., Huber, K. E., Kakunoori, S., Zöllei, L., and
Fischl, B. (2010). Direct visualization of the perforant pathway in the human
brain with ex vivo diffusion tensor imaging. Front. Hum. Neurosci. 4:42.
doi: 10.3389/fnhum.2010.00042

Calamante, F., Tournier, J. D., Jackson, G. D., and Connelly, A. (2010). Track-
density imaging (TDI): super-resolution white matter imaging using whole-
brain track-density mapping. Neuroimage 53, 1233–1243. doi: 10.1016/j.
neuroimage.2010.07.024

Calamante, F., Oh, S. H., Tournier, J. D., Park, C. W., Kim, Y. B., Cho, Z. H.,
et al. (2013). Super-resolution track-density imaging of thalamic substructures:
Comparison with high-resolution anatomical magnetic resonance imaging at
7.0T. Hum. Brain Mapp. 34, 2538–2548. doi: 10.1002/hbm.22083

Caldinelli, C., Froudist-Walsh, S., Karolis, V., Tseng, C. E., Allin, M. P.,
Walshe, M., et al. (2017). White matter alterations to cingulum and fornix
following very preterm birth and their relationship with cognitive functions.
Neuroimage 150, 373–382. doi: 10.1016/j.neuroimage.2017.02.026

Cho, Z. H., Calamante, F., and Chi, J. G. (2015a). 7.0 TeslaMRI BrainWhiteMatter
Atlas. 2nd Edn. Berlin: Springer-Verlag.

Cho, Z. H., Chi, J. G., Choi, S. H., Oh, S. H., Park, S. Y., Paek, S. H., et al. (2015b).
A newly identified frontal path from fornix in septum pellucidum with 7.0T
MRI track density imaging (TDI)—the septum pellucidum tract (SPT). Front.
Neuroanat. 9:151.

Cho, Z. H., Law, M., Chi, J. G., Choi, S. H., Park, S. Y., Kammen, A., et al.
(2015c). An anatomic review of thalamolimbic fiber tractography: ultra-high
resolution direct visualization of thalamolimbic fibers anterior thalamic
radiation, superolateral and inferomedial medial forebrain bundles, and newly
identified septum pellucidum tract. World Neurosurg. 83, 54.e32–61.e32.
doi: 10.1016/j.wneu.2013.08.022

Choi, S. H., Kim, Y. B., and Cho, Z. H. (2018). Newly observed anterior
thalamocortical fiber of the thalamus using 7.0T super-resolution magnetic
resonance tractography and its implications for the classical Papez circuit.
J. Neuroradiol. 45, 206–210. doi: 10.1016/j.neurad.2018.01.054

John, N. (2009). The Human Brain an Introduction to its Functional Anatomy-6
Edition. Philadelphia: Mosby Elsevier.

Jones, D. K., Christiansen, K. F., Chapman, R. J., and Aggleton, J. P. (2013).
Distinct subdivisions of the cingulum bundle revealed by diffusion
MRI fibre tracking: implications for neuropsychological investigations.
Neuropsychologia 51, 67–78. doi: 10.1016/j.neuropsychologia.2012.
11.018

Kamali, A., Riascos, R. F., Pillai, J. J., Sair, H. I., Patel, R., Nelson, F. M., et al.
(2018). Mapping the trajectory of the amygdalothalamic tract in the human
brain. J. Neurosci. Res. 96, 1176–1185. doi: 10.1002/jnr.24235

Lee, W. T., and Park, K. A. (2012). Medical Neuroanatomy. 2nd Edn. Seoul:
Medical Book Publisher Co.

Papez, J. W. (1937). A proposed mechaniotsm of emion. Arch. Neurol.
Psychiatry 38, 725–743. doi: 10.1001/archneurpsyc.1937.022602200
69003

Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A., and
Shulman, G. L. (2001). A default mode of brain function. Proc. Natl. Acad. Sci.
U S A 98, 676–682. doi: 10.1073/pnas.98.2.676

Shackman, A. J., Salomons, T. V., Slagter, H. A., Fox, A. S., Winter, J. J.,
and Davidson, R. J. (2011). The integration of negative affect, pain, and
cognitive control in the cingulate cortex. Nat. Rev. Neurosci. 12, 154–167.
doi: 10.1038/nrn2994

Tournier, J. D., Calamante, F., and Connelly, A. (2012). MRtrix: diffusion
tractography in crossing fiber regions. Int. J. Imag. Syst. Tech. 22, 53–66.
doi: 10.1002/ima.22005

Vogt, B. A., Finch, D. M., and Olson, C. R. (1992). Functional heterogeneity in
cingulate cortex: the anterior executive and posterior evaluative regions. Cereb.
Cortex 2, 435–443. doi: 10.1093/cercor/2.6.435-a

Wei, P. H., Mao, Z. Q., Cong, F., Yeh, F. C., Wang, B., Ling, Z. P., et al. (2017).
In vivo visualization of connections among revised Papez circuit hubs using full
q-space diffusion spectrum imaging tractography. Neuroscience 357, 400–410.
doi: 10.1016/j.neuroscience.2017.04.003

Wu, Y., Sun, D., Wang, Y., Wang, Y., and Ou, S. (2016). Segmentation
of the cingulum bundle in the human brain: a new perspective based
on DSI tractography and fiber dissection study. Front. Neuroanat. 10:84.
doi: 10.3389/fnana.2016.00084

Yassa, M. A., Muftuler, L. T., and Stark, C. E. (2010). Ultrahigh-resolution
microstructural diffusion tensor imaging reveals perforant path degradation

Frontiers in Neuroanatomy | www.frontiersin.org 4 February 2019 | Volume 13 | Article 17

https://www.frontiersin.org/articles/10.3389/fnana.2019.00017/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnana.2019.00017/full#supplementary-material
https://doi.org/10.3389/fnhum.2010.00042
https://doi.org/10.1016/j.neuroimage.2010.07.024
https://doi.org/10.1016/j.neuroimage.2010.07.024
https://doi.org/10.1002/hbm.22083
https://doi.org/10.1016/j.neuroimage.2017.02.026
https://doi.org/10.1016/j.wneu.2013.08.022
https://doi.org/10.1016/j.neurad.2018.01.054
https://doi.org/10.1016/j.neuropsychologia.2012.11.018
https://doi.org/10.1016/j.neuropsychologia.2012.11.018
https://doi.org/10.1002/jnr.24235
https://doi.org/10.1001/archneurpsyc.1937.02260220069003
https://doi.org/10.1001/archneurpsyc.1937.02260220069003
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.1038/nrn2994
https://doi.org/10.1002/ima.22005
https://doi.org/10.1093/cercor/2.6.435-a
https://doi.org/10.1016/j.neuroscience.2017.04.003
https://doi.org/10.3389/fnana.2016.00084
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Choi et al. Papez-7T TDI

in aged humans in vivo. Proc. Natl. Acad. Sci. U S A 107, 12687–12691.
doi: 10.1073/pnas.1002113107

Zeineh, M. M., Holdsworth, S., Skare, S., Atlas, S. W., and Bammer, R. (2012).
Ultra-high resolution diffusion tensor imaging of the microscopic pathways
of the medial temporal lobe. Neuroimage 62, 2065–2082. doi: 10.1016/j.
neuroimage.2012.05.065

Zeineh, M. M., Palomero-Gallagher, N., Axer, M., Gräßel, D., Goubran, M.,
Wree, A., et al. (2017). Direct visualization andmapping of the spatial course of
fiber tracts at microscopic resolution in the human hippocampus.Cereb. Cortex
27, 1779–1794. doi: 10.1093/cercor/bhw010

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Choi, Kim, Paek and Cho. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroanatomy | www.frontiersin.org 5 February 2019 | Volume 13 | Article 17

https://doi.org/10.1073/pnas.1002113107
https://doi.org/10.1016/j.neuroimage.2012.05.065
https://doi.org/10.1016/j.neuroimage.2012.05.065
https://doi.org/10.1093/cercor/bhw010
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles

	Papez Circuit Observed by in vivo Human Brain With 7.0T MRI Super-Resolution Track Density Imaging and Track Tracing
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION AND CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	FUNDING
	SUPPLEMENTARY MATERIAL
	REFERENCES


