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Although interference from overlying tissues com-
plicates all organ counting, it is to be expected that
superimposed scalp and skull tissue isotope will be
a particularly important source of error in quantita-
tive studies of brain because of the very low con-
centration most tracers achieve in brain tissue due
to the blood-brain barrier. Experimental animal and
radiographic human studies were undertaken to de-
fine the magnitude of scalp and skull isotope content
relative to brain for two brain-scanning agents, rep-
resentative of small and large labeled molecules.
Such an estimate requires a knowledge of the tissue
isotope concentrations and the relative weights of
the cranial tissue compartments. Tissue volumes and
weights of brain, scalp and skull were estimated from
postmortem radiography in ten humans. The #*=Tc-
pertechnetate and 13!I-IHSA content of rabbit whole
blood, scalp, skull, brain and muscle were defined
as a function of time. In a separate study blood vol-
umes of the animal tissues were calculated using
125]_ THSA, and its contribution to each total tissue
count was estimated.

From these animal and human data, the extent of
scalp and skull interference with external-brain iso-
tope measurements was estimated for clinical studies
using collimation designed for total cranial counting.
However, the basic data is applicable to other count-
ing geometries. A technique for minimizing the scalp
and skull isotope contribution is presented.

METHODS

Radiographic estimation of human cranial tissue
volumes. To estimate the volumes of the cranial
cavity, calvarial skull and scalp in humans, radio-
graphs were taken of ten unembalmed male human
heads postmortem. Separate radiographic exposure
techniques for skull and scalp detail were used with
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a 180-cm tube distance. Correction for linear mag-
nification was made.

An estimate of the skull and scalp volume cover-
ing the hemispheres, rostral to a plane passing
through the orbital roofs and internal occipital pro-
tuberance, was made by considering the skull and
scalp to be hemispheric surfaces whose mean radii
and thicknesses were calculated from radiographic
measurements at the reference points indicated in
Fig. 1. The volume of cranial cavity rostral to this
plane was estimated by calculating the hemispheric
volume using the mean interior radius of the skull.
This approximates the brain volume rostral to the
floor of the anterior and middle cranial fossae and
the tentorium cerebelli.

The estimated volumes will be only approximate
because of the irregular shape of the skull, but they
will provide some basis for estimating the absolute
isotope content of these cranial tissues. Some of the
inferior portion of the temporal lobes will be ex-
cluded from these estimates.

Isotope distribution in animal tissues. New Zealand
white rabbits (3—4 kg) were given 100-200 nCi of
99mTc-pertechnetate or 20 xCi of 3I-IHSA intra-
venously.* At various intervals afterwards the ani-
mals were decapitated after pentobarbital anesthesia.
The radioactivity per unit weight of tissue was deter-
mined in whole blood, calvarial scalp, lumbar skin,
lumbar paraspinous muscle, brain and calvarial skull.
Cerebrospinal fluid (CSF) was obtained by cisternal
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FIG. 1. Cross-section shows points
(heavy arrows) at which skull and scalp
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puncture just before decapitation. The hair was
clipped from the scalp and skin specimens.

Correction for tissue blood content was obtained
in ten animals by intravenous injection of 125I-THSA
made 1 min before decapitation as discussed by
Matthews (7). It was assumed that at the end of 1
min (at decapitation) the radiolabel was confined
to the blood pool of the tissues and that reason-
ably complete intravascular mixing had occurred.
The 25I-THSA content of whole blood, scalp, lum-
bar skin, lumbar paraspinous muscle, brain and
calvarial skull was determined and used to calculate
the percent blood volume in each tissue specimen.

The counts of !?I-IHSA per gram of tissue di-
vided by the counts per gram of blood multiplied by
100 was taken as the percentage of tissue which was
blood. The percentage is assumed to remain constant
throughout any one experiment. The contribution of
blood isotope to the tissue count will remain con-
stant if the blood concentration remains constant.
There is a small error resulting from the use of a
plasma label such as IHSA since this will define the
plasma content of the tissue. Because the plasma
volume of a tissue does not accurately represent its
whole-blood volume due to the lowered microcircu-
latory hematocrit, the estimation of tissue blood
volume from tissue blood-plasma content relative
to a whole-blood specimen will result in a somewhat
high estimation of tissue blood content. To correct
for this would require equal labeling of red cells and
plasma, and this was not done here.

RESULTS

The tissue volumes of human scalp, skull and
cranial cavity determined postmortem by radio-
graphic measurements are shown in Fig. 1. The
percentage of total cranial tissue volume and weight
made up of scalp, skull and brain is given in Table
1. The averages for skull and scalp thicknesses are
shown in Table 2.
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thick were ed on radiographs.
Only tissues rostral to heavy line were
considered.

TABLE 1. PERCENTAGE OF CRANIAL TISSUE
VOLUMES AND WEIGHTS ESTIMATED
RADIOGRAPHICALLY IN MAN

Esti- Percent-
mated age
Estimated weight  weight
volume of Percent- of of
Cranial cranial age of cranial total
tissve tissves cranial  tissues  cranial
compartments (ce) volume (gm) tissues
Calvarial scalp 232 = 50 150 232 130
Calvarial skull 254 = 36 16.0 457 25.8
Cranial cavity 1,083 =+ 85 690 1,083 61.1
Total 1569 += 65 1000 1772 100.0

Tissue weights were estimated from tissue volumes assum-
ing a soft-tissue density of 1 and a bone density of 1.8.
Skull probably has a density somewhat less than this be-
cause of its numerous diploe.

TABLE 2. RADIOGRAPHIC ESTIMATION OF
CRANIAL SKULL AND SCALP VOLUMES IN MAN

Average
thickness Average Volume
(7) of: radius (r) of: (V) of:
skull  scalp  skull scalp skull  scalp
(mm) (mm) (cm) (cm) (em® (ecm?)
Average* 596 485 8.26 8.83 254 232
Standard
deviation +0.69 *£1.06 *0.18 £0.15 36 +49

* Each average represents results of ten studies as shown
in Fig. 1.

The percent isotope content of ?°™Tc-pertechne-
tate and !3!I-JHSA in scalp, skull, brain, lumbar
skin, muscle and CSF relative to blood as a function
of time after injection is shown in Fig. 2A and 2B
and in Table 3. The ratio of isotope concentrations
in scalp and skull to brain is indicated in Fig. 3 and
Table 4.

No correction for blood content has been made
in Figs. 2 and 3 and Tables 3 and 4. Since these

JOURNAL OF NUCLEAR MEDICINE



ISOTOPE CONTENT OF SCALP AND SKULL

TABLE 3. PERCENTAGE TISSUE RADIOACTIVITY RELATIVE TO WHOLE BLOOD OF 9°mTc-PERTECHNETATE*
AND 131|.JHSAt (TISSUE/BLOOD ¢ 100)

®mTc.pertechnetate

Tissve 5 min 1 hre 2 hr 6 hr 24 hr
Whole blood 100.0 100.0 100.0 100.0 100.0
Scalp 342 =73 587 = 65 464 + 78 543 =+ 120 81 = 7.2
Lumbar skin 277 *75 538 =70 430 =+ 89 476 =+ 3.6 513 =+ 102
Muscle 55 =10 81 % 06 63 *= 13 78 £ 16 69 = 25
Skull 140 =+ 5. 317 = 21 287 =* 65 254 *+ 83 343 = 6.8
Brain 22 #* 03 37 =08 33 *= 04 46 *= 19 48 =+ 13
CSF 0.17 *= 0.05 0.51 *+= 0.05 046 * 0.7 0.52 = 0.21 037 = 0.34

MLIHSA

Tissue 10 min 1 hr 2 hr 24 hr 48 hr
Whole blood 100.0 100.0 100.0 100.0 100.0
Scalp 56 =12 83 * 37 119 =+ 45 248 * 44 322 = 37
Lumbar skin 31 % 01 43 =+ 0.1 —_ 181 =+ 53 272 * 99
Muscle 22 *+ 14 25 10 1.8 * 07 48 += 1.8 54 =10
Skull (60 = 1.0) —_ —_ 140 =+ 49 203 =+ 1.2
Brain 17 *= 03 25 %= 0.2 23 =+ 0.1 25 * 06 210 * 03
CSF 0.05 =+ 0.04 0.16 = 0.50 1.05 *= 0.13 073 =+ 0.16 0.80 *+ 0.17

* Each figure represents an average of five animals. Isotope was injected (100-200 uCi), the animals decapitated at vari-
ous time intervals thereafter and the activity/unit weight of tissue determined.

1t Each figure rep ts an average of five animals. Isotope was injected (20 uCi), the animals decapitated at various
time intervals thereafter and activity/unit weight of tissue determined.

TABLE 4. RATIO OF TISSUE COUNT/BRAIN COUNT OF 9mTc-PERTECHNETATE AND 1311-JHSA

®mTc-pertechnetate

Tissue 5 min 1 hr 2 hr 6 hr 24 hr
Scalp 165 = 20 163 = 23 139 + 20 13.2 + 3.2 131 = 1.8
Skull 60 = 1.9 88 + 1.1 88 *+ 1.6 68 * 3.6 65 + 14
Muscle 27 *+ 0.2 23 = 04 19 + 03 19 £ 05 1.2 = 04
HLIHSA
Tissve 10 min 1 hr 2 hr 24 hr 48 hr
Scalp 33 =1 27 = 1.2 50 =18 104 = 1.5 155 = 2.8
Skull 37 *= 06 —_— —_ 64 * 27 103 = 0.5
Muscle 1.3 = 08 09 *+ 0.5 0.8 * 0.3 1.8 = 07 26 = 05

TABLE 5. TISSUE BLOOD CONTENT OF 125l.JHSA*

Tissue Scalp Skin Muscle Skull Brain
% blood volume 1.56 += 0.3 092 *+ 0.07 0.56 = 0.04 6.00 *+ 0.33 1.80 * 0.09
* Ten animals: 10 uCi/injection. Speci btained i diately after decapitation 1 min after injection.
tissues were obtained after decapitation, some of DISCUSSION

the blood present during life will have been lost. The human brain seems the most ideally suited of
This method of termination was elected, however, all the major body organs for studying gamma emit-
because time of death could be determined precisely, ters by external measurement. The brain is situated
and the circumstances of death would be uniform well away from other major organs, allowing con-
from animal to animal. Percentage of blood volume siderable isolation using collimated detectors. More-
contributed to each tissue using 12°I-IHSA is shown over, it is the only organ that can be surrounded in
in Table S. isolation by multiple detectors so that absolute de-
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FIG. 2. Concentrations of *™Tc-pertechnetate and **'I-IHSA
relative 1o blood in various cranial tissues after single intravenous
injection. No correction is made for blood content of isotope in
various tissves.
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FIG. 3. Ratio of tissue concentration relative to brain after sin-
gle injection of *™Tc-pertechnetate and *'I-IHSA. No correction
is made for blood content of isotope in tissues. If correction for
blood content had been made, ratios would be considerably greater
since most of brain content is present in blood of brain.

tector counting efficiency can be established. At-
tempts at quantification of other total organs are
more complex. The liver (2), for example, cannot
be isolated from other nearby organs, nor can its
position relative to the detector be predicted.
Despite its apparently advantageous location, the
brain is surrounded by a 3-7-mm layer of non-
neural soft tissue composed of scalp and a small
amount of muscle as well as a layer of bone. Table 1
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and Fig. 1 indicate that the soft tissue covering the
cerebrum constitutes about 232 cc while the skull
makes up about 254 cc. Assuming a soft-tissue
density of approximately 1.0 and a bone density of
approximately 1.8 (3), this represents about 232 gm
of soft tissue and 457 gm of skull. The isotope con-
tent in brain is seen against a background count orig-
inating in these superficial tissues.

The degree of interference of these superficially-
originating counts with the count from brain depends
on the relative isotope concentrations in scalp, skull
and brain. The total weight of scalp and cranial skull
(689 gm) is nearly as great as the underlying supra-
tentorial brain (1,083 gm). Therefore if the isotope
concentrations achieved in these superficial tissues
approaches that in brain, this superficial source of
count becomes formidable. In our work the ratio of
animal scalp tissue concentration to brain concen-
tration never was less than about 3 (IHSA at 10
min after injection) and later was much higher (Fig.
3 and Table 4). Because of these low relative con-
centrations in brain, the isotope in the overlying tis-
sues becomes of great significance.

The percentage of total cranial count originating
in supratentorial brain will be

100 Brain wt XC
X (Braim wt X C) + (Skull wt X C)
+ (Scalp wt X C)

in which C is the concentration of label per unit
weight (wt) of tissue. Given approximate minimum
10-min (Table 4) scalp and skull !*'I-THSA con-
centrations (3.3 and 3.7 X brain), the percentage
of the total count from the cranial portion of the
head of man which originates in brain is calculated
as 30.6%. This percentage assumes 1,083 gm of
supratentorial brain, 232 gm of scalp and 457 gm
of skull. Using the 5-min tissue-to-brain ratios (Ta-
ble 4) achieved with ?®»Tc-pertechnetate (16.5 and
6.0 for scalp and skull) the percentage which is
brain is only 14.1%.

These percentages (30.6 and 14.1) are valid only
when the detection system sees the entire head
rostral to the floor of the cranial cavity with uniform
counting efficiency. With other detection geometries
such as focused collimators, the influence of the
tissues external to brain usually will be somewhat
less.

It is clear from these calculations that the scalp
and skull constitute serious sources of interference
with attempts to quantify brain content of isotopes
by external counting. Several studies have attempted
to use such counting of brain regionally (4-6) and
of the total cranium (7,8). In these studies the
scalp and skull will produce substantially more
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counts than the underlying brain. External counting
of this isotope in situ will be complicated by the
shielding effect of skull (9) and the inverse-square
effect which will further emphasize the surface count.
Absolute quantification of the brain isotope content
will be complicated even further by internal absorp-
tion of gamma radiation by brain tissue. This latter
factor will emphasize the count originating near the
surface of the cerebral hemispheres and will be
minimized by using higher-energy gamma emitters.

If the entire head rostral to the floor of the cranial
cavity is counted, the scalp and skull surrounding
the vertex will contribute to the total count. If the
collimation were restricted to a horizontal slice per-
haps 5 cm thick (Fig. 4), this vertex scalp and skull
would not be included but very little brain would be
excluded. This would improve the brain-to-nonbrain
tissue count ratio. This kind of collimation would
also improve the reproducibility of counts because
the count will be less a function of how far into the
detector field the head is positioned (Fig. 4). If, for
example, a patient with a constant cranial content
of 8[-IHSA is repeatedly counted in the cranial
detector with complete repositioning between counts,
a variability of several percent above counting sta-
tistical variations is experienced.

From Table 5 it is clear that blood is a major
source of counts from all the cranial tissues imme-
diately after injection. This will be particularly true
for IHSA which equilibrates with extracellular fluid
much more slowly than pertechnetate. This is easily
corrected in total cranial counting by counting serial
blood specimens (7). Assuming uniformity of blood
isotope distribution, a correction for blood isotope
can be made by assuming that the cranial blood
volume remains constant in any one subject during
one test. One can calculate net tissue uptake by sub-
tracting the figures for tissue blood volumes of
Table 5 from the figures for total tissue uptake rela-
tive to blood in Table 3.

The scalp contains approximately 15 times the
%mTc-pertechnetate concentration as brain during
the first 24 hr. Correcting for blood content raises
this ratio to about 23. Skull contains about six times
as much pertechnetate as brain at 5 min (Table 4).
The blood of scalp, skull and cerebral cortex and
the scalp and skull content of isotope described here
adequately explain the “halo” seen about the cranial
cavity in high-resolution scanning particularly when
using **=Tc-pertechnetate. The halo about the cranial
cavity is particularly prominent because of the elon-
gated acceptance field of most focused collimators
which causes a considerable thickness of scalp and
skull to be counted when the collimator sees these
tissues tangentially.
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FIG. 4. if all of tissues rostral to floor of cranial cavity (LL)
are counted, scalp and skull overlying superior surface of brain
will contribute to count, thereby reducing brain-to-non-neural tis-
sue ratio seen by detectors. By shielding out region of head near
vertex (above UL) so that flat, horizontal slab of fissue perhaps
5 cm thickness is seen by detector, one gets a greater relative
representation of brain. Shielding would also make positioning of
head less critical.

The high **=Tc content of scalp and lumbar skin
found here (Table 2) is in keeping with results
previously reported in which the skin of the rat con-
tained about one-third of the administered pertech-
netate 35 min after injection (10). The high %*=Tc
content of skin has also been described elsewhere
(11,12). The large lumbar skin and scalp **=Tc-
pertechnetate content found here is compatible with a
largely extracellular distribution. The volume of skin
extracellular space (ECS) is large. An inulin space
of 35.4% in dog skin has been reported (13), and
a sulfate space of 70.6% has been described in
chicken skin (/4). Extracellular pertechnetate equi-
librates rapidly with plasma while the IHSA equili-
brates more slowly. Tissue extracellular IHSA will
never come into equilibrium with plasma and is
therefore a poor extracellular compartment label.
Nevertheless, even at 10 min after injection, the
scalp concentration of IHSA is already three times
brain. It is unlikely that this represents entirely the
tissue blood content; it suggests that the IHSA has
already come into partial equilibrium with scalp
extracellular space or capillary wall intracellular
space, perhaps being incorporated into pinocytotic
vesicles.

The scalp and skull are particularly serious sources
of interference in brain isotope counting because the
brain concentration of most externally introduced
solutes remains low. This is largely because of the
extreme impermeability of brain capillaries to most
nonlipid soluble substances. A further factor which
keeps the concentration of brain extracellular for-
eign solutes low is the sink action of cerebrospinal
fluid (CSF) (15,16), which removes these foreign
substances from brain parenchyma and transports
them by bulk flow back into blood. The CSF is best
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considered an extension of brain ECS. Low capillary
permeability and sink action of cerebrospinal fluid
are two of the mechanisms which the brain uses to
maintain an ultrastability of its extracellular fluid.
Since any of the labeled compounds we are likely
to use in brain scanning will be “foreign” in the
sense that the brain has no reason to want them nor-
mally in its extracellular fluid, we can anticipate
that these labels will achieve very low isotope con-
centrations in brain tissue. This would not be the
case with lipid soluble tracers or with metabolites
such as glucose and amino acids labeled in a way
that maintains their chemical identity. Specific car-
rier systems are present in brain capillaries to trans-
port these metabolites (/7,18) and high brain-tissue
concentrations of these substances can be achieved.

In studies of the passage of a nondiffusible intra-
venous bolus of gamma emitter through the brain
blood pool (19-21), scalp and skull interference
will be minimal since, of all the blood passing
through the cranial region of the head, most will pass
through brain and relatively little through scalp and
skull. The magnitude of the extent of equilibration
with scalp ECS within the brief span of bolus pas-
sage is unknown. Tracers of low molecular weight
such as iodohippurate (MW 304 in solution) may
come rapidly into equilibrium with scalp ECS, and
this could be nearly complete within the few seconds
required for bolus passage through the head (22).
Since the scalp ECS evidently is much larger than
the scalp blood-plasma compartment, most of the
tracer would be in the scalp ECS at equilibrium.
This probably would be an advantage in brain
blood-pool measurements by the first derivative
method (23) since this scalp extracellular isotope
would not contribute significantly to the negative
peak of the first derivative.* The deposition of a
large proportion of the scalp blood-flow tracer in
the scalp ECS would thus minimize scalp blood-flow
interference with measurements of brain blood flow.

* The cranial counting-rate curve following an intrave-
nous rapid injection probably will remain at a higher pla-
teau level when one uses iodohippurate or pertechnetate than
when one uses a less-diffusible tracer such as IHSA because
of partial equilibration of plasma small molecule tracers with
scalp ECS. The IHSA would not achieve any measurable
equilibrium with scalp ECS within the few seconds re-

uired for bolus transit and would remain intravascular. In
the brain blood pool both of these tracers will remain in-
travascular. Thus, if plasma iodohippurate or pertechnetate
come into equilibrium with scalp ECS during bolus passage,
they would wash out of this extracellular compartment ap-
proximately monoexponentially and much more slowly than
the intravascular brain bolus would leave the head. This
would alter the rate of fall of total cranial counting rate
very little. The entrance rate of the bolus into the head,
however, would be slightly distorted. If this reasoning could
be experimentally documented, it would suggest that the
first derivative pool-transit-time method largely excludes
non-neural tissues.
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Clinical studies of blood-brain barrier by total
brain counting would be of considerable interest if
a correction could be made for scalp and skull up-
take. One possible method for achieving this would
be to use a double-tracer technique in which 3!]-
IHSA and '*°I-JHSA were given simultaneously. The
125] gamma emissions will be 60-80% absorbed by
skull (9). Its soft-tissue half-thickness (2 cm) and
low concentration in brain will confine its counting
largely to the scalp and outer surface of skull. The
count derived from !3!I-ITHSA will be representative
of all cranial tissues. Subtracting the !2°I-IHSA
count should allow a reasonably complete correction
for tissues superficial to brain.

In semiquantitative routine clinical brain scanning
where only gross regional differences are sought,
the interference from scalp and skull isotope is not
prohibitive because it constitutes uniform back-
ground. It can be subtracted from the scan image
electronically during scan production or mentally
during scan interpretation. The double-tracer tech-
nique noted above might be used in regional scan-
ning to subtract this superficially originating back-
ground and thereby let one show more subtle regional
differences in brain isotope. A suitable combination
of isotopes for regional brain scanning might use
123]- and !?%]-labeled compounds (or perhaps free
I-) having a disappearance from blood similar to
pertechnetate which might also be used for sub-
traction during routine technetium scanning.

SUMMARY

Tissue volumes and weights of brain, scalp and
skull were estimated from postmortem radiography
in ten subjects. The isotope distribution in animal
tissues for ?*mTc-pertechnetate and 3!I-IHSA were
defined as a function of time. The brain isotope con-
centration was low relative to other tissues. Blood
volumes were calculated using '2’I-IHSA in the ani-
mal tissues. The percentage of total cranial counts
originating in brain were calculated for a total cranial
head counting geometry. Restriction of collimation
in total-head counting to exclude the vertex scalp
and skull would improve the brain-to-nonbrain tis-
sue count ratio. Isotope data described here suggest
an explanation for the “halo” seen on **™Tc head
scans. A difference was shown between calvarial
scalp and lumbar skin isotope content for both #°mTc-
pertechnetate and '3!I-IHSA. Brain mechanisms for
keeping most “foreign” or externally introduced
solutes low in concentration are briefly discussed.
The effect of scalp and skull on external counting of
a nondiffusible bolus passage is discussed in relation
to the first derivative method of measuring brain
blood pool transit time. A tracer technique is sug-
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gested which would allow correction for the super-
ficially originating count in scalp and skull.
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