orites. If trapped noble gases in
EET79001 were derived from the mar-
tian atmosphere, they may have been
accompanied by ~ 0.1 part per million
(ppm) N, and ~ 5 ppm CO, (15). It will
be important to determine the N/'N
ratio in EET79001 because of the large
difference between martian and terrestri-
al N, isotopic compositions (/5). Isoto-
pic measurements of N, and CO, at
these concentrations, however, will be
difficult to make.

The presence of trapped martian atmo-
sphere in EET79001, if corroborated by
further studies on nonnoble gases, would
be a particularly strong argument for the
idea that this meteorite is from Mars.
The dynamical mechanism required to
remove material from a planetary-sized
body remains uncertain, although specif-
ic mechanisms have been suggested (22).
The recent identification of another Ant-
arctic meteorite with a probable lunar
origin (23) suggests that such mecha-
nisms exist. A potential to associate
readily available meteoritic material with
the martian surface is yet one more dem-
onstration of the value of analytical stud-
ies of meteorites to planetary science.

D. D. BoGARD
P. JOHNSON
Planetary and Earth Sciences
Division, NASA Johnson Space
Center, Houston, Texas 77058
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Nuclear Magnetic Resonance Blood Flow Measurements in the

Human Brain

Abstract. Timed sequences of nuclear magnetic resonance imaging signals in the
human head were used to quantitatively measure blood flow in the internal jugular
veins. The procedure can be straightforwardly applied to any vein or artery in the

body.

In this report we describe the use of
nuclear magnetic resonance (NMR)
techniques to measure blood flow in the
human head. In 1959 Singer (/) used
NMR techniques to study blood flow in
mouse tails, and in 1970 Morse and Sing-
er (2) obtained NMR measurements of
superficial venous flow in humans. Now
we can combine NMR imaging systems
(3) with the measurements of blood flow.
The method will be described for two
specific vessels in the human head, but it
is suitable for any set of arteries or veins
or even for blood perfusion measure-
ments.

The procedure for blood flow imaging
is as follows. The body is placed in a
homogeneous magnetic field. It takes
approximately 5 seconds for the protons
in the body to be fully magnetized along
the magnetic field. A specific volume V
of the body is selected for flow imaging.
A planar cross-sectional volume perpen-
dicular to the flow vessels of interest is
the appropriate choice. The selected vol-
ume is magnetically depolarized with a
radio-frequency (RF) pulse. The RF

Table 1. Selected flow vessels with tabulated
NMR signal intensities for various times of
flow. Signal intensity values are proportion-
al to the integrated NMR voltages over the
vessel pixels. The data are plotted to evaluate
the time required to fill the imaged volume of
the vein with inflowing blood. Inflowing blood
completely replaces outflowing depolarized
blood in 330 msec in the left vein and in 273
msec in the right vein.

Signal intensity

Flow
time Left internal Right internal
(msec) jugular vein jugular vein
50 2341 2471
100 3267 3258
200 3885 4340
500 5325 5375

pulse may be one of several types. We
use a pulse to tip the protons in the plane
by 90° and follow the pulse with a mag-
netic field gradient pulse to randomize
the proton magnetic orientations in the
selected volume. The randomization
could also be carried out with a saturat-
ing pulse and, in some special proce-
dures, with a 180° pulse. We will refer to
all these randomization procedures as
the depolarization pulse. After a selected
specific time #(x) a second RF pulse is
provided. The second pulse tips all the
fresh blood protons that entered the se-
lected plane during the time #(x) by 90°.
The second pulse also tips the recovered
protons that remain in the plane. The
tipped magnetic blood protons and re-
covered stationary protons are then im-
aged by a spin echo technique (4-6), to
provide picture elements (pixels) of flow
information. Each pixel provides a volt-
age directly proportional to the volume
of blood that flowed into the volume V.
The computer is programmed to sum the
NMR voltages from each pixel in the
selected blood vessel and add these volt-
ages to provide the flow data. The tissue
recovering from saturation in the volume
V during the time #(x) gives an imaging
signal. These signals do not interfere
with the flow measurements because the
flow vessels are clearly visualized in the
image.

To obtain an accurate measurement of
flow, the procedure is repeated several
different times. For example, x can be
50, 100, 150, and 200 msec. With a
computer program the volume flow rate
can then be read out for a specific artery
or vein. The integrated signals in the
vessel are tabulated by the computer,
integrated over the vessel area, and in-
dexed with the specific time #(x). The
rate of flow of blood in any vessel (millili-
ters per second) is obtained by dividing
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the volume of the vessel by the measured
time to refill the vessel after the NMR
depolarization pulse.

Measurements were carried out on the
head of one of the authors (L.E.C.). The
volume element v consists of a 7-mm-
thick transverse section through a nose-
ear plane (the posterior fossa plane).
Figure 1 shows one of the NMR images
illustrating the blood flow image with
x = 50 msec. More specifically, the blue
areas represent the blood flow due to 50
msec of polarized blood replacing the
previously depolarized blood in the ves-
sels.

Figure 1 shows the basilar part of the
occipital bone as a central feature. To
the right of the occipital bone are the
internal and external jugular veins; the
external jugular veins are closest to the
ear. Other veins and arteries are also
prominent by more blue than the sur-
rounding tissue. Fat and bone marrow
provide a larger NMR voltage signal in
the images and are lighter in the color
representation. The red-yellow regions
correspond to smaller NMR signal am-
plitudes. The image is intensity-normal-
ized in order to photographically repro-
duce more effectively. The relative NMR
signal voltage level of each pixel is auto-
matically registered and is stored in the
computer memory.

To obtain the image we flipped and
dispersed (or depolarized) all the tissue
in a volume V, waited 50 msec, again
flipped the tissue 90°, and then imaged
only the blood that flowed into the ves-
sels in the volume V during that 50 msec.
Therefore, that image presents a snap-

Table 2. Computer-processed flow data for
the internal jugular veins.

Left Right
Quantity internal internal
jugular  jugular
Area (cm?) 0.162 0.196
Mean diameter (cm) 0.45 0.50
Imaged length (cm) 0.7 0.7
Volume (cm?) 0.113 0.137
Filling time (msec) 330 273
Mean velocity (cm/sec) 2.12 2.56
Flow rate (ml/sec) 0.344 0.501

shot of the volume of blood that flowed
into V during 50 msec. This is termed the
1(50) image. In order to accurately mea-
sure blood flow in a selected vessel, the
flow measurement pulse sequence is re-
peated with different values of #(x), such
as x = 100, 200, and 500 msec for one
measurement of flow.

The pixels representing the vessels,
arteries, and veins show a localized,
integrated NMR signal that grows with
exposure time until reaching a maximum
when the inflowing polarized blood re-
places the magnetically saturated blood.
This maximum can be determined by
graphing the data.

Table 1 lists sequential intensities of
NMR signals for various times of flow.
The tabulation is of the NMR signal
intensities in the internal jugular veins;
however, any of the imaged vessels can
be selected for computer tabulation of
flow data. The data are used to generate
a specific flow time parameter for the
vessel of interest. The flow time parame-
ter for a vessel is used to obtain a numer-

ical measurement of blood flow in the
vessel.

The average cross-sectional area of
the internal jugular veins was determined
with a pixel-counting computer program
(7). Vessel depth was known from the
defined thickness of an imaging ‘‘slice,”’
in this case 7 mm. The volume of the
vein, v(a), was thereby determined. The
time required to fill the vein with polar-
ized blood, #(a), was obtained from the
data in Table 1. The flow for the vein is
therefore

- )

t(a)

For the left and right internal jugular
veins the pixel-counting procedure was
used in conjunction with the imaging
slice thickness of 7 mm. The resulting
data are shown in Table 2. The flow in
milliliters per second (Q) was obtained
directly from the determination of v(a)
and #(a) and from the application of Eq.
1. Flow velocity V was obtained from

V=04 @)

where A is the area of flow in a vessel.
Estimates of v(a) and #(a) can be pro-
grammed into a computer, and the arteri-
al or venous flow rate can then be read
out directly. Estimates of v(a) were
found by animal testing to be accurate
within 5 percent. The error in determin-
ing #(a) is due to uncertainties in interpo-
lating the singular points of the data
shown in Table 1. These singular points
are found by computer analyses. If insuf-
ficient data are taken, then determina-
tion of the filling time for any vessel

External

Internal
jugular
veins

Jugular veins

Buccal arteries

Maxillary
arteries

Maxillary
veins

Fig. 1. Nuclear magnetic resonance image of a 7-mm-thick transverse section of Professor Crooks’ brain through the posterior fossa (nose-ear)
plane. The blood vessels (blue) show the intensities corresponding to 50 msec of blood flow. Blue represents higher-level NMR signals while red
represents lower-level signals. [The blue signals in the peripheral regions are primarily due to fast T, (relaxation time) recoveries of peripheral fat
tissue.] A timed sequence of images is required to obtain quantitative blood flow measurements for individual vessels.
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involves some uncertainty. In essence,
one can obtain more data and be more
certain as to the accuracy of #(a) for each
vessel (8-10).

The relaxation time and the variations
in carrying out 90° and 180° pulse timings
are not significant sources of error be-
cause the procedure is iterative for each
sequence of data. As a result, there is no
linearity requirement in obtaining #(a);
instead one has only to observe the time
at which the NMR signal of the flowing
blood in the vessels stops increasing and
remains constant. The error in #(a) is
therefore due to lack of sufficient data to
measure the crossing points accurately.
In the measurements we reported here,
we estimate an overall accuracy of about
10 percent for the range of flows encoun-
tered.

Each of these measurements was aver-
aged over 512 NMR signals. Each signal
took approximately a half-second, so
that, because of the averaging, about 4
minutes was given over to obtaining each
set of pixels. Of course, all the points
relating to 50 msec were obtained as a
group, as were all the points relating to
100 msec, and so on. As a consequence,
all the flow data for all the veins seen in
an NMR image such as the one in Fig. 1
can be obtained in approximately 20 min-
utes. The computer can be programmed
to obtain the flow data for the vessels in
the selected slice and provide readouts
simultaneously.

It has been proposed that NMR be
used to study blood flow in the brain,
heart, lungs, kidneys, and vascular sys-
tem (8—10). We believe that the ability to
visualize any vessel and quantitatively
measure its blood flow will provide a
means for monitoring the effectiveness
of therapeutic treatments involving the
vascular system.

J. R. SINGER
Department of Electrical Engineering
and Computer Sciences, University
of California, Berkeley 94720
L. E. CrooOks
Department of Radiology, University
of California, San Francisco 94143
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Sequence of the 16S Ribosomal RNA from

Halobacterium volcanii, an Archaebacterium

Abstract. The sequence of the 16S ribosomal RNA (rRNA) from the archaebacteri-
um Halobacterium volcanii has been determined by DNA sequencing methods. The
archaebacterial rRNA is similar to its eubacterial counterpart in secondary struc-
ture. Although it is closer in sequence to the eubacterial 16S rRNA than to the
eukaryotic 16S-like rRNA, the H. volcanii sequence also shows certain points of
specific similarity to its eukaryotic counterpart. Since the H. volcanii sequence is
closer to both the eubacterial and the eukaryotic sequences than these two are to one
another, it follows that the archaebacterial sequence resembles their common
ancestral sequence more closely than does either of the other two versions.

There exist three primary phylogenet-
ic groupings: the eukaryotes, the eubac-
teria, and the archaebacteria (/-3). Their
comparative analysis will provide us
considerable evolutionary perspective.
At present, the third of these, the archae-
bacteria, is poorly understood in molecu-
lar terms. For example, of their ribo-
somes we know only that they are ap-
proximately 308 and 50S in size and that
their ribosomal RNA’s (rRNA’s) are
slightly smaller than the corresponding
eubacterial rRNA’s (4). Neither of the
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large rRNA’s nor any of the ribosomal
proteins have been fully sequenced. Ri-
bonuclease T, catalogs for a number of
archaebacterial 165 rRNA’s have been
generated, however (5), and partial se-
quence data for some ribosomal proteins
do exist (6).

We now report the sequence of a large
ribosomal RNA from an archaebacteri-
um, the 165 rRNA of Halobacterium
volcanii. In secondary structure, this
rRNA resembles the eubacterial 16§
rRNA more closely than it resembles the

185 rRNA of eukaryotes. Yet in a num-
ber of details, it seems remarkably eu-
karyotic. In primary structure, the arch-
aebacterial 165 rRNA is closer to both
its eubacterial and eukaryotic counter-
parts than these two are to one another.

Figure 1 shows the sequence of the H.
volcanii 165 rRNA aligned with its coun-
terparts from Escherichia coli and Xeno-
pus laevis. The DNA sequence is com-
pletely consistent with the catalogs of
oligonucleotides produced by digestion
of the corresponding rRNA by ribonu-
clease T, (complete catalog, covering 47
percent of the sequence as pentamers or
larger), by pancreatic ribonuclease (in-
complete catalog), and by ribonuclease
U, acting on RNA in which the G resi-
dues were blocked with glyoxal (incom-
plete catalog) (7). This indicates that no
insertions of significant size occur in the
gene. The RNA catalogs also permit
identification of the functional termini of
the 165 rRNA gene and placement of
post-transcriptionally modified nucleo-
tides.

The H. volcanii sequence, consisting
of 1472 residues, is significantly shorter
than its E. coli counterpart, which has
1542 residues (8). When the two se-
quences are optimally aligned (9), 59
percent of the positions in the H. vol-
canii sequence are identical to their
counterparts in E. coli (8). This com-
pares to 75 percent homology between
E. coli 165 rRNA and that of the Zea
mays chloroplast (10); these two rRNA’s
seem to represent the phylogenetic ex-
tremes within the eubacteria (2). The H.
volcanii and E. coli sequences are very
alike in secondary structure as well (see
Fig. 2). Of the 50 odd secondary struc-
tural elements recognized in the E. coli
sequence (9, 11), only three are absent in
the H. volcanii version and an additional
three or four are present in a somewhat
altered form. The rest are virtually iden-
tical in the two cases; H. volcanii may
have one or two helices not seen in its E.
coli counterpart, but comparative proof
for these is, at present, lacking. Further-
more, in all but a few of the homologous
helical elements, the H. volcanii and E.
coli versions differ in composition by
replacements of at least two base pairs,
providing additional support for the heli-
ces originally proposed on the basis of
comparative studies within the eubac-
teria alone (/1).

The degree of secondary structural
resemblance between the two bacterial
16S rRNA’s is greater than either shows
with the eukaryotic 185 rRNA (Xenopus
laevis) (9, 12). To understand how the
three rRNA’s are related, however, it is
necessary to compare their sequences in
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