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Microanatomy of the Excised Human Spinal Cord and the 
Cervicomedullary Junction Examined with High-Resolution 
MR Imaging at 9.4 Tesla 

E. Beuls, u .s J. Gelan,2 M. Vandersteen , 1 P. Adriaensens,2 L. Vanormelingen , 1 and Y. Palmers l .4 

PURPOSE: To study in detail the MR anatomy of the spinal cord and the cervicomedullary 

junction that could serve as a reference for clinical MR studies. METHODS: Specimens of fresh 

human spinal cord and formalin-fixed cervicomedullary transition zones were imaged with a 9 .4-T 

vertical bore magnet. Using a multisection spin-warp pulse sequence the parameters were selected 

to produce essentially proton density images. RESULTS: The images obtained depict the microan

atomical organization of the spinal cord and cerv icomedullary junction. In the spinal cord , the 

central gray has the expected higher signal intensity compared with the white matter, which is, 

apart from its darker general appearance, characterized by the presence of a dense rad iall y 

structured neurogl ial framework of high signal intensity . A natomically more complex regions such 

as the dorsal root entry zone, the adjacent posterior horn complex, and the crossing fibers of the 

cervicomedullary junction are seen as wel l as parts of the microvascular system. CONCLUSION: 

Although cellular details are still beyond the limits of this investigation, the images at 9.4 T show 

the spinal cord and cervicomedullary junction with detail comparable to low-power microscopic 

images of fixed sections, especially with respect to distinguishing gray and white matter, nuclei , 

tracts , and angioarchitecture . 

Index terms: Spinal cord , anatomy; Spinal cord , magnetic resonance; Brain stem, anatomy; Brain 

stem, magnetic resonance 
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In vivo magnetic resonance (MR) imaging of 
the spinal cord and the brain stem insufficiently 
reveals the highly complex internal structures. In 
previous studies, human cadaveric spinal cords 
were analyzed with 0.35-T to 2-T clinical units 
( 1-7), resulting in images that show limited details 
compared with corresponding anatomical and 
histologic sections. In this study, the cervical 
spinal cord and lower medulla oblongata were 
imaged with a 9.4-T unit to depict their microan
atomical organization in the three spatial dimen-
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sions with an in-plane resolution of 40 X 40 
microns. 

Materials and Methods 

The cervica l spina l cords including the lower medulla 
oblongata of five adult human cadavers were excised, 12 
to 48 hours postmortem. In one case, the entire spinal 
cord , including the cauda equina, was removed. The spec
imens were cut into pieces of approximately 3 em and 
preserved in sa line at 4°C. Imaging experiments were 
started immediately to keep the preservation period as 
short as possible. Some spina l cord specimens were pre
served in sa line for as long as 2 weeks. We chose fresh 
samples for the exam ination except for fresh medulla 
oblongata samples that suffered from a spontaneous col
lapse during data acquisition and were therefore fixed in 
10% formalin. 

The MR images were obta ined at 4°C with a multisection 
spin-warp technique on a commercial Varian (Varian , Nu
clear Magnetic Resonance Instruments, Palo A lto , CA) 
Unity 400 spectrometer (9.4 T) , equipped with an imaging 
probe having an inner diameter of 25 mm. For the sagittal 
and coronal views of the spinal cord and cervicomedullary 
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Fig. lA. Transverse MR section of the cervical spinal cord at the level of C8. Fresh specimen preserved in saline at 4°C (2500/18/ 
32) (TR/ TE/ exci tations). (vh: ventral horn; gcs: central gelatinous substance; gc: gray commissure; we: white commissure; dh: dorsal 
horn complex; tl: tract of Lissauer; sg: substantia gelatinosa and marginal layer of Waldeyer; np: nucleus proprius; vf ventral funiculus; 
If lateral funiculus; fasciculus gracilis ( fg) and fasciculus cuneatus (fc) within the dorsal funiculus (df); vms: ventral median sulcus; d: 
denticulate aspect of gray matter border ; pm: poster ior med ian septum; pim: posterior intermediate septum; gl: glia limitans membrane; 
p: pia mater.) Note the segregation of myelinated and unmyelinated fibers in the dorsal root-spinal cord junction (square frame) . Ventral 
rootlets at the surface of the spinal cord (small black arrows) . Some radially oriented strands of neuroglial framework with high signal 
intensity are indicated by small white arrowheads on the right side of the figure. A large caliber sulcal vessel (sv) and branches of sulcal 
vessels (large white arrowheads) in gray matter as well as some sma ll ca liber vessels (small white arrow) in white matter are seen. 

region , 1-mm sections were selected with a field of view of 
38 X 17 mm and a data acquisition matrix of 700 X 320. 
For the transverse images of the spinal cord, 2-mm sections 
were chosen, while 1-mm sections were taken for those of 
the cervicomedullary region , all with a field of view of 17 
X 17 mm and a data matrix of 350 X 350. This corresponds 
to an in-plane resolution of 40 X 40 microns . Acquisition 
parameters of 2500/ 18 (TR / TE) producing essentially pro
ton density images were used. In one case 
(see Fig. 2) T2-weighting has been used with a TE of 100 
m sec. To obtain the required signal-to-noise ratio , 32 ex
citations were used for the transverse images, and 16 for 
the sagittal and coronal images, resulting in total acquisition 
times between 2 and 4 hours. The obtained MR images 
were compared with myelin-stained sections (Spielmeyer 
staining technique) (see Fig. 1 B) (8) and standard neuroan
atomical descriptions (9-12). 

Results 

The general aspects of the MR appearance of 
gray and white matter of the spinal cord in trans
verse sections are first discussed. Next the mi
croanatomy of the more complex dorsal root 
entry zone, its adjacent dorsal horn complex, and 
the microvascular system, as well as the appear
ance of the cervicomedullary region are de
scribed. 

General MR Appearance of the Spinal Cord in 
Transverse Sections (Fig. 1 A) 

The central "gray butterfly" has a higher signal 
intensity than the surrounding myelinated white 
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Fig . 1.-Continued. 8 , transverse histologic section through the upper cervical segment of the same specimen as in Figure 1 A . 
Spielmeyer stain (lOX ). (df. dorsal funiculus; fg: fasciculus gracilis; fc: fasciculus cuneatus; vf; ventral fun iculus; If. lateral funiculus; dh: 
dorsal horn complex ; tl: tract of Lissauer; np: nucleus proprius; sg: substantia gelatinosa; vh: ventral horn. ) Vessels in the gray matter 
are indicated by large white arrowheads. 

matter funiculi and can be sharply delineated. 
This MR aspect is also seen on myelin-stained 
histologic sections at a higher cervical level 
(Fig. 18). There are considerable variations in MR 
signal intensity in the different parts of the gray 
butterfly. The ventral horns, composed mainly of 
cell accumulations in their neuropil, appear as 
homogeneous, rather intense regions. 

The gray commissure is seen as a zone of high 
signal intensity. Histologically, it contains poorly 
myelinated and unmyelinated crossing fibers and 
the central canal , surrounded by the central ge
latinous substance or substantia gliosa (9, 10, 13). 
The white commissure, which is the decussating 
site of large extralemniscal myelinated fibers , is 
seen as a zone of low signal intensity. 

The tract of Lissauer or fasciculus dorsolater
alis, which lies between the apex of the dorsal 
horn and the surface of the spinal cord and which 
is composed of poorly myelinated and unmyeli
nated fibers, has a much higher signal intensity 
than the surrounding myelinated white matter. 

Only in some sections can it be distinguished 
from the adjacent dorsal horn. A somewhat dark 
regular ring segment, which is surrounding the 
central structures, does not correspond to any 
known anatomical feature. This ring is an acqui
sition artifact caused by analog-to-digital conver
tor overflow (the receiver gain was set somewhat 
too high in the first experiments). 

In the ventral and lateral funiculus , no individ
ual tracts can be distinguished. In the dorsal 
funiculus , the fasciculus gracilis shows a slightly 
higher signal intensity compared with the fascic
ulus cuneatus. This higher signal intensity has 
been reported in previous investigations (6) . In 
transverse sections, strands of high signal inten
sity are radially extended between the glia limi
tans membrane and the border of the gray but
terfly (Fig . 1 A) . The glia limitans is a layer of 
neuroglia beneath the pia mater, showing high 
signal intensity. The pia appears black . The con
nection between these neuroglial strands of high 
signal intensity and the border of the gray matter 
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Fig. 2. Transverse MR sections though the dorsal root entry 
zone of the fresh cervical spinal cord to illustrate the difference 
between proton density (top: 2500/ 18/ 32) and T 2-weighted (bot
tom : 2500/ 1 00/ 32) images. Note the course of the segregated 
m yelinated entering bundles, demonstrated on the T2-weighted 
images (arrows), while the neuroglial framework is most appearant 
on the proton density images. 

offers the latter a denticulate aspect . The strands 
cannot be traced inside the gray matter columns. 
Inside the white matter, they are irregularly inter
connected, forming a neuroglial framework. This 
framework is, apart from the posterior median 
and intermediate septum, hardly mentioned in 
standard anatomical descriptions of the spinal 
cord white matter (9 , 1 0) . Histologically, these 
neuroglial elements are formed by radial proc
esses of fibrous astrocytes, running in fascicles 
throughout the white columns (9, 10, 13). 

F inally, ventral rootlets, passing through the 
ventral funiculus, can hardly be seen . Their pen
etration through the pial surface is somewhat 
more visible. 

The Dorsal Hom Complex 

T he MR images of the dorsal horn and its 
adjacent dorsal-root entry zone contrast strongly 
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with the more homogeneous appearance of the 
ventral horn (Fig. 1 A) . It is not possible to distin
guish the marginal layer of Waldeyer and the 
substantia gelatinosa because they have an 
equally high signal intensity. The tract of Lissauer 
or dorsolateral fascicle, having a slightly lower 
signal intensity, cannot always be differentiated 
from the substantia gelatinosa. The nucleus pro
prius is easy to define because of its lower signal 
intensity. 

As the central processes of the spinal ganglion 
cells approach the dorsal-root entry zone they 
become segregated according to their caliber. 
Large-caliber, myelinated fibers form a medial 
bundle; small-caliber fibers , unmyelinated and 
poorly myelinated, shift mainly to the lateral 
portions of the rootlets. Some of these small 
caliber fibers, however, occupy a position medial 
to the entering rootlets . The large fibers pass 
between the posterior gray column and the dorsal 
white column and there they divide into ascend
ing branches, joining the dorsal white column, 
and descending branches forming the fasciculus 
interfascicularis and septomarginalis. The small
caliber fibers join the tract of Lissauer ( 14-16). In 
the proton density transverse sections (Fig. 2, 
top) no clear distinction can be made between 
the medial bundle of large myelinated fibers, 
passing along the medial side of the posterior 
horn , and the dorsal white column . The small 
medial bundle of segregated small fibers repre
sents the separation between both. By the appli
cation of some T2 weighting (TE = 100 msec), 
the medial bundle is seen better (Fig. 2, bottom). 

In the sagittal section through the dorsal-root 
entry zone (Fig . 3A) well-demarcated entering 
bundles of low signal intensity are seen to run 2 
to 3 mm upwards. Before these bundles disappear 
in the cuneate fascicle, the continuation of their 
ascending course is observed , medial to the dorsal 
horn, over about 0.5 mm in the corresponding 
coronal section though the apex of the posterior 
horn (Fig. 3B). 

Internal Vascularization 

The MR images also depict parts of the internal 
vascularization of the spinal cord . In the absence 
of flow , paramagnetic T2 shortening caused by 
iron ions in the erythrocytes and blood clot for
mation may account for the appearance of the 
angioarchitecture. 

While large-caliber vessels are located in the 
ventral median sulcus, with their branches di-
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Fig. 3 . Longitudinal MR sections at the top of the dorsal horn of the lower cerv ical medulla spinalis (C6-C8) illustrate the dorsal-root 
entry zone. Fresh specimen preserved in saline 4°C. (2500/ 18/ 16). White arrows indica te the slightl y ascending course of the segregated 
myelinated fibers before they join the dorsal funiculus (df). 

A , Sagittal section. (dh: dorsal horn ; If. latera l fun iculus; vh: ventral horn ; vf. ventral fun iculus.) 
B, Coronal section. (If. latera l funiculus; fg: fascicu lus gracilis; Fe: fasciculus cuneatus; sg: substantia gelatinosa; pm: posterior median 

septum.) 

rected towards the ventral horns (Fig. 1 A) , small
caliber vessels are present throughout the white 
matter. The latter are radially oriented between 
the surface of the spinal cord and the border of 
the gray butterfly , often following the strands of 
neuroglial framework . The difference in the cali
ber of the vessels is best appreciated in the 
sagittal section (Fig. 4A). In the coronal section 
just ventral to the central canal (Fig. 46), 
branches of the sulcal vessels pass nearly alter
nately to the left and to the right. 

The Cervicomedullary Region 

Most of the commonly known microstructures 
seen in standard histologic sections (9-12) are 
sharply delineated and can be identified in con-

secutive 1-mm sections (Figs. 5A and 56) in the 
cervicomedullary region . 

The coronal and sagittal images (Figs. 5C and 
50) show the gray columns, the reticular forma
tion , the major nuclei of the medulla oblongata , 
and the principal white matter tracts. Two of the 
most conspicious features of the cervicomedul
lary transition , the decussation of the corticospi
nal fibers and of the lemnisci , are particularly well 
demonstrated in both coronal and sagittal sec
tions (Figs. 5C and 50). 

The corticospinal f ibers cross the midline in 
interdigitating bundles, runn ing in a steep dorsa
caudal direction across the anterior gray colum n. 
The decussation extends over a length of 12 to 
13 mm. The most caudal pyramidal fibers cross 
in the upper cervical spinal segment. The lateral 
corticospinal t ract shows an abundance of hyper-
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Fig. 4. Longitudinal MR sections of the lower cervical medulla spinalis (C6-C8) showing the internal vascularization of gray and white 
matter (2500/ 18/ 16). Fresh specimen preserved in saline at 4°C (2500/ 18/ 16). No distinct ion can be made between arteries and veins. 

A, Midsagittal section also showing the large caliber sulcal vessels (s v) and small caliber vessels (small arrows) in the white matter 
of the dorsal funiculus (df ). (gc: gray commissure.) 

B, Coronal section through the ventral horn ( vh) shows large-caliber sulcal vessels (sv) and parts of their arborizations (arrowheads) 
in the ventral horns as well as small ca liber vessels (small arrows) in white matter. Note that branches of sulcal vessels pass almost 
alternately to the left and to the right. (gc: gray commissure; vf ventral funiculus; If lateral funiculus.) 

intense longitudinal strands of neuroglial frame
work. 

The fascicles of the dorsal white columns pro
gressively decrease in size as their nuclei become 
more prominent. The gracile nucleus occupies a 
more m edial position (Fig. 58) than the cuneate 
nucleus. M yelinated internal arcuate fibers, leav
ing the ventral parts of these nuclei, can be 
followed towards the lemniscal decussation. Al
though these f ibers are usually described as 
sweeping ventromedially around the central gray 
(9 , 1 0), they actually are seen to run ventroros
trally in parallel with the decussated corticospinal 
fibers (Fig. 5D). 

Discussion 

The high definition of the MR images in this 
postmortem investigation exceeds that of clinical 
imaging for a number of reasons . The lack of 
motion , the relatively small radio frequency coil , 
the stable linearity of the gradient fields, and the 
high main magnetic field (9.4 T) lead to an in
creased signal-to-noise ratio . The ability to use 
long acquisition times (16 or more repetitions) 
also contributes to the optimal image appearance. 

To avoid shrinkage and deformation of speci
mens, we investigated the human spinal cord 
using the freshest specimens possible. The fresh 
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Fig. 5. MR sections through the cervicomedullary junction of a 10% formalin-fixed specimen. 
A, Transverse MR section (2500/ 18/ 32) through the cervicomedullary transition at the level of the pyramidal decussation ( pd). Note 

the characteristic appearance of the white funiculi caused by thei r different pattern of neuroglial framework. (le t: lateral corti cospinal 
tract ; fg: fasciculus gracilis ; fc: fasciculus cuneatus; vf: ventral funiculus; If: lateral funiculus; n V: nucleus of the spinal tract of the 
trigeminal nerve; tV: spinal tract of the trigeminal nerve.) 

B, Transverse MR section (2500/ 18/ 32) through the medulla oblongata at the level of the oli vary complex allowing the identification 
of inferior olivary nucleus (o1) ; (mao: medial accessory ol ivary nucleus; nX/1: hypoglossal nucleus; nX: dorsal nucleus of vagal nerve; 
ng: nucleus gracilis; nc: nucleus cuneatus; n V: spinal nucleus of trigem inal nerve; rf: reticular formation; m/: medial lemniscus; d: 
Jemniscal decussation; p : pyramidal tract; tV: spinal tract of trigeminal nerve; m/f: medial longitudinal fascic le and the nucleus of the 
tractus solitarius (arrow) .) 

medulla oblongata, however, suffered from a 
spontaneous collapse during the data acquisition 
process. This slow movement prevented us from 
obtaining the desired image definition. For this 
reason , we decided to fix the medulla oblongata 
specimens to properly immobilize them. Previous 
studies on fresh and fixed brain stems, using a 
clinical instrument, report an improved gray
white differentiation after fixation (2, 4). 

Proton density images show low intensity for 
the heavily myelinated ventral , lateral, and dorsal 
funiculus . This is in accordance with the results 
of previous in vivo (17) and in vitro studies (1 , 3, 
6, 7, 18). This is consistent with partial displace
ment of signal-producing water protons by myelin 
(19). The longitudinal arrangement of the myeli
nated fiber might be another element in the low 
signal intensity of the white matter (1). 

The neuroglial framework, which is clearly vis
ualized using proton density sequences, cannot 
be demonstrated in T2-weighted images (Fig. 2). 
The dependence on the echo time reflects its 
highly structured organization. This neuroglial 
framework has received little attention in the 
anatomical descriptions of the spinal cord, most 

likely because it has not been visualized by most 
staining techniques. Despite the attention Cajal 
(20) drew to the neuroglia, only a few authors 
made anatomical descriptions of the extension of 
the neuroglia in the nervous tissue of the spinal 
cord. Bossy (21) gave a rather complete anatom
ical description. In the proton density MR images, 
the neuroglial framework appears similar to these 
histologic descriptions in the literature. The pres
ence of this dense neuroglial framework might 
explain the difference in signal intensity between 
the spinal and cerebral white matter in clinical 
imaging (2, 17). In the longitudinal sections, made 
at the level of the substantia gelatinosa (Fig. 38), 
the course of the medially segregated myelinated 
bundle of the dorsal root is seen ascending over 
2 to 3 mm. This course has not been reported in 
anatomic descriptions of the dorsal-root entry 
zone (14-16). 

The MR images also reproduce an angioarchi
tecture corresponding to vessel arrangements in 
the spinal cord (22) . The dark MR appearance of 
vessels in the postmortem specimens is probably 
due to the presence of paramagnetic iron ions in 
the erythrocytes and the formation of blood clots. 
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Fig. 5.-Continued. Coronal (C) and sagittal (D) MR sections (2500/ 18/ 16) through the cerv icomedullary transition. The location of 
these sections is indicated in Figures 5A and 58. 

C, Shows the crossing and descending fibers from the pyramidal decussation (pd) to the lateral corticospinal tract (let). Immediately 
above the pyramidal decussation, the lemniscal decusation (d) and the medial longitudinal fascicle (m/f) are visible . More rostrally the 
olivary complex (oe) and the medial lemniscus (m/) are seen. 

D, Internal arcuate fibers leave the nucleus gracili s (ng) and nucleus cuneatus (ne) and run anterosuperiorly and parallel to the 
crossed, descending corticospina l fibers ( es). The latter reach the latera l corticospinal tract (let). In the rostral part the pyramidal tract 
(p) and the olivary complex (oe) are depicted. Note the hyperintense strands of neuroglial framework in the lateral corticospinal tract. 
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