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Experimental in vivo Imaging 
of the Cranial Perineural 
Lymphatic Pathway 

After intraventricular injection of etm-rc antimony sulfide in rabbits (n = 12) and cats 
(n = 14), radiolabeled colloid was imaged passing into the nasal mucosa and subse­
quently into the cervical lymph nodes. The cervical lymph nodes accounted for about 
12% of the injected dose in rabbits sacrificed at 22-24 hr after injection and about 5% 
of the injected dose in cats sacrificed at 5-6 hr after injection. In both animals this 
represented at least one-third of the cerebrospinal fluid colloid clearance. This technique 
is applicable to in vivo imaging studies of the perineural lymphatic pathway for cerebro­
spinal fluid absorption in primates and, with modifications, in human subjects. 

The perineural lymphatic pathway (PLP) has been demonstrated in a variety of 
animals using a broad array of imaging agents [1-29]. Materials injected into the 
cerebrospinal fluid (CSF) can be seen passing along the olfactory nerve into the 
nasal mucosa and cervical lymphatics. Although the PLP or accessory pathway 
may be present around all nerves to some extent, the olfactory nerve is the 
predominant site of CSF efflux by the PLP [1-4]. 

The PLP carries a significant proportion (at least 15%-30%) of CSF efflux under 
physiologic conditions (17, 21-24]. The PLP behaves as a bulk-flow drainage 
pathway. Materials of different molecular weights (60,000-150,000) are cleared at 
nearly identical rates [21-24). The PLP appears to be pressure-dependent. Mc­
Comb et al. [30] showed that at higher intracranial pressures, intracisternal dyes 
and tracers were cleared into the periorbital and nasal tissue at higher rates. The 
pathophysiology of the PLP is largely unknown, except for its relation to commu­
nicating hydrocephalus and central nervous system infections in some animals [31-
38] . 

Evidence for a PLP in primates and humans is conflicting [7, 11 , 31, 32, 39-42]. 
Since researchers have stressed the similarity between primates and cats in CSF 
absorption dynamics, it is noteworthy that a PLP has been demonstrated in the 
latter [32,42]. We report an experimental technique for visualization of the PLP in 
the intact animal, which has been applied in cats and rabbits . With modifications, 
this imaging method may be applicable to clinical studies. 

Materials and Methods 

About 0.20 ml of 99mTcSb3S2 (antimony sulfide) colloid (370 MBq/ml) was instilled into the 
lateral ventricles of rabbits (n = 12) and cats (n = 14) and viewed with a Nuclear Services, 
Inc., upgraded HP Pho Gamma III camera with a 3-mm-aperture pinhole collimator, interfaced 
to a Mod Comp III computer. 

Regions of interest for the cranial CSF, olfactory bulb, nasal mucosal region , and cervical 
lymph nodes were assigned and analyzed. The animals were then sacrificed, and relevant 
tissues were analyzed for radionuclide activity. 



540 PILE-SPELLMAN ET AL. AJNR:5, Sept/Oct 1984 

Surgical Preparation and Injection Technique 

Adult white New Zealand rabbits (weight, 1.8-2.4 kg) and adult 
cats (weight, 2.0-3.2 kg) were anesthesized with ketamine hydro­
chloride (0.1 mg/kg for rabbits, 0.1 mg/kg for cats). Using aseptic 
technique, a 4-cm midline incision was made over the sagittal suture 
and a '!4-inch (6.4 mm) twist hole made through either the left or the 
right parietal bone down to-but not through-the dura. In the 
rabbits, a 23-gauge needle was passed freehand into the lateral 
ventricle through the hole 7 mm caudal to the coronal suture and 8 
mm lateral to the sagittal suture. After slowly injecting the radiolabeled 
colloid into the ventricles , the needle was removed and the burr hole 
simultaneously bone-waxed. In the cats, a 23-gauge needle con­
nected to a nanometer filled with 9% saline was stereotaxically 
lowered to a depth of 15 mm through a burr hole 6 mm caudal to the 
coronal suture and 2 mm lateral to the sagittal suture. The needle 
was raised slowly until the saline level dropped, indicating ventricular 
entry, which typically occurred at a depth of 11-12 mm. The needle 
was cemented in place and the tracer injected. 

Imaging and Biodistribution 

The rabbits were imaged at 1-, 3-, or 10-min intervals alternately 
in standardized anterior or left lateral projections. Eight rabbits were 
imaged for 8 hr and four rabbits were imaged for 20-24 hr. The cats 
were maintained in a stereotaxic frame and imaged continuously at 
1-min intervals for 4 hr in the anterior projection. 

The rabbits were killed with 0.1 ml intravenous euthanasia solution 
20- 24 hr after injection of tracer; the cats were killed 5 hr after 
injection of tracer. Their organs were harvested and analyzed using 
a Packard Auto Gamma System Well Counter against a standard 
dose (1 ml of a 1/100 dilution of the injected dose). 

Image Analysis 

All counts were decay-corrected to the time of injection. The total 
counts from the entire field of view on the initial image for each animal 
was designated the "total initially viewed counts." This number was 
considered to represent 100%, and subsequent data were analyzed 
as percentages of it . 

Using a late image, the following anatomic structures were defined 
and outlined: cranial and upper cervical CSF; nose and olfactory bulb; 
left and right cervical nodes; and background. Regions of interest did 
not overlap. Using these described regions, all previous images for 
that animal were then analyzed. 

Results 

The biodistribution data in the cat and rabbit and the in vivo 
digital data in the cat support the visual qualitative impression 
that the PLP carried a significant portion of CSF efflux in 
these animals. 

Images 

Anterior and left lateral images in the rabbit and the cat are 
presented in figure 1. Dissection of the animals under the 
gamma scintillation camera confirmed the relations between 
the images and the anatomy as diagrammed in figure 2. 

After intraventricular injection, 99Tc antimony sulfide colloid 
passed into the basal cisterns and subarachnoid space, then 
into the nasal mucosa, and finally into the deep cervical lymph 
nodes (figs. 1 and 2). The olfactory bulb region was visible 
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Fig. 1.-Cranial scintigrams. Anterior and left lateral views of rabbit (A) and 
cat (8) 0.5, 2, and 4 (A) or 6 (8) hr (top to bottom, respectively) after 
intraventricular injection of 99mTc antimony sulfide colloid. Initially, radiolabeled 
colloid is confined to cranial CSF (2). After about 10 min, tracer is seen in 
olfactory bulb-nasal mucosa region (1) . From there it passes into deep cervical 
lymph nodes (3). Cervical lymph nodes are first visible at 40 min after injection 
and increase markedly in activity over next few hr. 

after 5-10 min and increased in activity over the next 2-3 hr. 
The upper cervical cord and the fanlike pattern of the nasal 
mucosa appeared after 10 min. Cervical lymph nodes could 
be distinguished at 30-40 min after injection and were clearly 
visible at 1 hr. Cervical lymph node activity increased over the 
next 1.5-2 hr. 

Quantitative in vivo Data 

Decay-corrected counts from constant regions of interest 
are presented as a percentage of the total initially viewed 
counts (fig. 3). The radiolabeled colloid left the brain-cervical 
CSF region, falling rapidly to 50% in the first 2 hr in the rabbit 
and to 45% in the cat. After 2 hr, the brain-cervical CSF 
activity fell more slowly. The nasal mucosa and olfactory bulb 
areas in both animals increased to 5% at 1 hr and to 10% 
over the next 2 hr. The cervical lymph node activity increased 
to 14% in rabbits and 5% in cats by 3-4 hr. No lymph-node 
uptake was noted in the cats for the first 30 min. 

Biodistribution 

Table 1 shows the percentage of injected dose per organ 
and per gram in rabbits sacrificed at 20-24 hr after injection 
and in cats sacrificed at 5 hr after injection. Since the choroid 
plexus concentrated a significant fraction of the dose, our 
failure in rabbits to separate the choroid from brain before 
measurement led to an overestimation of total brain-choroid 
activity. 

In the cat the total dose retained in CSF and brain was 
20% of the injected dose. The choroid plexus had the highest 
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Fig. 2. -Schematic left anterior (A) and 
lateral (5) cranial views of rabbit at 4 hr 
after intraventricular injection of """'T c an­
timony sulfide colloid . Shaded areas rep­
resent regions of tracer activity. ._---'lr---'.N. O a e 

Cranial CSF 

~_-\-_--,Olf8C I 0 r y Bulb Ci sl ern 

?o-_ +--,Crani II I CSF Nose 

___ SPina l CSF 

~--'.c--"y 8rvlca l L ymph Node 
.. 'ia~ 

A 

100 

'" 90 
~ 

" 0 
() 

80 
'0 

" ~ 
~ " '0 .-
,, > 70 
- >0 u_ ,, -
~ .. 
0;; 60 uE 
>0-.. .. 
u-
" 0 50 
~f-

f- '0 
z " ~ '" 40 0 .. ()" 
0 " ~ a: " 30 

<l. 

'" .. 
'0 20 

" " ~ 10 " C. 
5 

Cerv ica l Lymph Node ROI 

--------------.-~~ 
Nose-O .B . RO I 

0 ~~~--~--------~------_.------_,r_7.~r_, 

.5 2 3 4 8 24 
Time in Hour s Af te r Intr ave ntri cu la r Inj ec ti on 

A 

100 

90 

u 
> 80 
E 
'" u C 70 

~ ~ 
U() 

" ~ '0 e; 60 
>0 .~ 
.. > 
u >0 " = 50 
~ .~ 

~~ 
g 2 40 
() 0 

f-
0 ", 
cr: ro 30 

'0 

" " ~ 20 
". 
Q 15 

10 

Cervica l l y mph Node 

B 

C ra nia l CS F ROI -.t- -_ . 
,-

- t- .- --_ -..... . 
- //' - . 

Nose-O .B . RO I . . 
. .-4.-------.....------- ...- - 11 ----

. -+--!-- -- -!"--- . Cervical Ly 'ph Node RO t ' H 
]~~~~~~~~~====~====~~==~~~~ o ~ 

.5 24 
T im e in H o ur s Aft e r Intr ave ntri cu la r Inj ec t ion 

B 
Fig . 3.-Region-of-interest (ROI) data from rabbits (A) and cats (5) after intraventricular injection of """'Tc antimony sulfide colloid. Initially, radiolabeled colloid is 

confined to cranial CSF. After 10-15 min , tracer was seen in olfactory bulb (O.B.) cistern- nasal region; after about 30 min, it was seen in cervical lymph nodes. 
Activity in cervical lymph nodes increased to 14% of total initially viewed counts in rabbits and 5% in cats. 

concentration per gram of any tissue. The cervical lymph 
node activity at about 15% of injected dose was 400 times 
higher than in the mesenteric nodes. In the rabbit the cervical 
lymph node activity at about 75% of dose per gram also was 
markedly greater than mesenteric lymph node activity, which 
was 0.16% (injected dose/g). 

Discussion 

The PLP was thought to be the predominant drainage route 
of CSF in 1869, when Schwalbe [5] demonstrated that Berlin 
blue dye, when injected into the canine subarachnoid space, 
collected in the cervical lymphatics. That concept persisted 
until 1914, when Weed [1] injected a solution of ferrous 
cyanide into the lateral ventricles of rabbits and cats. He then 
perfused the animals with acid, causing the crystals to precip-

itate by acid fixation. He found the blue crystals primarily in 
the arachnoid villi and venous sinuses. Although some of the 
crystals were found along the cranial nerves and cervical 
lymphatics, Weed emphasized that the major pathway for 
CSF efflux was the arachnoid villi - venous pathway [1] . 

The PLP was progressively disregarded until recent work 
by Bradbury and others rekindled interest [18, 21 - 24] . Their 
work, based on observations made some 25 years earlier, 
showed that tracers injected into the subarachnoid space 
could be recovered from the cervical lymphatics by cannula­
tion of the main jugular lymphatic duct [17]. Bradbury et al. 
[18] demonstrated that the PLP was important in its absolute 
and relative contribution to CSF absorption . The cranial PLP's 
absolute contribution to CSF absorption varied among spe­
cies studied, with 14%-30% of the injected dose begin re­
covered from the cervical lymphatics (in the rabbit , 30%). The 
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TABLE 1: Biodistribution of I19m'fc Antimony Sulfide Colloid afer Intraventricular Injection in 
Rabbits and Cats 

Animal: Organ or Site (n) 

Rabbit: 
Brain and choroid plexus (6) 
Cerebrospinal fluid (4) . 
Nose (4) ... 
Cervical lymph nodes (6) . 
Liver (6) . . ................ . 
Spleen (6) .......... . .... . . . 
Kidneys (6) .................... . . . . . . 
Injection site (4) ....... .. . 
Abdominal lymph nodes (4) . 
Blood (6) . . . .......... . . 
Urine (6) . . ..... .... .. . . . 

Cat: 
Brain (10) .............. ... . . . . . . . . . 
Cerebrospinal fluid (10) ........ . 
Choroid plexus (9) ... . . .... . . 
Dura mater (7) 
Nose (9) . . .. .... . . 
Cervical lymph nodes (10) .. . . . . . . .. . 
Liver (10) . . . . . . . . . . . . . . . . 
Spleen (8) .......... .. . . . . . ..... . . 
Kidneys (9) . . ....... . . . 
Injection site (7) .. . . .. ... . 
Mesenteric lymph nodes (6) .... . . . . . 
Sudmandibular gland (5) ........ , ... . 
Eye (9) ................ . . .... . . . 
Blood (10) ...... .. . 
Urine (8) . 

% of Dose (Mean ± SO) 

fOrgan 

7.87 ± 5.92 

11 .71 ± 9.76 
20.19 ± 17.30 

0.34 ± 0.56 
16.02 ± 20.56 

0.04 ± 0.04 
2.85 ± 3.14 

16.36 ± 9.22 
2.91 ± 1.46 

4.71 ± 3.57 
9.58 ± 2.37 
0.39 ± 0.21 
3.63 ± 0.98 

<0.005 
<0.005 

0.04 ± 0.04 
0.05 ± 0.08 
4.95 ± 1.90 

/g 

11.66 ± 19.87 
3.44 ± 2.67 

12.33 ± 19.97 
77.65 ± 59.97 

0.20 ± 0.20 
0.22 ± 0.36 
0.67 ± 0.81 
0.21 ± 0.29 
0.16 ± 0.16 
1.06 ± 2.42 
0.81 ± 1.00 

0.63 ± 0.38 
0.58 ± 0.29 

24.83 ± 18.37 
1.27 ± 1.02 
0.91 ± 0.58 
4.84 ± 4.46 
0.11 ± 0.05 
0.04 ± 0.02 
0.14 ± 0.06 
0.21 ± 0.52 
0.01 ± 0.01 
0.19 ± 0.35 
0.01 ± 0.01 
0.02 ± 0.01 
0.17 ± 0.09 

Note.- Rabbits were sacrificed for tissue analysis at 20-24 hr after injection; cats were sacrificed at 5 hr after injection. 

I~.~~===~;_ Cr ibriform Plate 

Fig. 4.-Diagram of olfactory nerve portion of perineural lymphatic pathway 
in rabbits and cats (adapted from (3) and (18)). Radiolabeled tracer (represented 
by dots) is seen in subarachnoid space. It flows freely out the cranial vault into 
subarachnoid cul-de-sac, then passes through perineurium to interstitial space 
of nasal mucosa. From here, the smaller-sized particles may pass into blood 
vessels or lymph channels. Larger molecules (10-120 nm diam) can be cleared 
only by the lymphatic channels and tend to be trapped in lymph nodes 
downstream. 

relative contribution of the cranial PLP to CSF absorption was 
calculated to be 40%; that is, an estimated 40% of the CSF 
absorption in the rabbit takes place via the PLP. 

After intraventricular injection of a radiolabeled colloid, we 

found that 12% of the total injected dose was retained by the 
cervical lymph nodes in rabbits and 5% in cats. This does not 
represent total clearance via the PLP, since it does not include 
that portion of the radiolabeled colloid which passed through 
the lymph nodes to enter the central venous circulation. 
Indeed, both our results and those results predicated upon 
cannulation of the cervical lymph duct underestimate the 
absolute contribution of the PLP to CSF clearance. First, the 
results do not include the known clearance along dorsal spinal 
roots . Second, the results do not include the nonlymphatic 
capillary-venous clearance from the nasal interstitium. 

From our results it is possible to estimate that the contri­
bution of the PLP to total CSF colloid clearance was at least 
33%. This estimate can be calculated by assuming that (1) 
the cervical lymph node activity accounts for all PLP activity, 
(2) the cervical lymph node activity is not contaminated by 
nonspecific recirculation of activity from the blood pool or 
leakage from the injection site, (3) all liver activity is from the 
arachnoid villi-venous pathway, and (4) the extraction of the 
tracer by the liver and lymph node is similar [43-46]. These 
assumptions will underestimate the contribution of the PLP 
to CSF clearance or overestimate the contribution of the 
arachnoid villi-venous pathway to CSF colloid clearance. The 
cervical node activity indicates PLP colloid clearance, and the 
liver activity indicates arachnoid villi-venous pathway colloid 
clearance. The ratio of cervical node activity to liver activity in 
both the rabbit and the cat in our study was about 1 :2, 
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indicating that at least 33% of the CSF clearance was via the 
PLP. 

Imaging and analysis of the PLP is possible because of the 
properties of 99mTc antimony sulfide. an inert radiolabeled 
colloid containing particles 10-120 nm in diameter. It is used 
clinically for Iymphoscintigraphy [43-46]. The size of the 
particles in a material largely determines its clearance from 
an interstitial space [46]. Particles less than 10 nm in diameter 
pass readily through the fenestrated basement membranes 
of blood-vessel capillaries. Materials containing particles 
larger than 10 nm in diameter are cleared by the lymphatics. 
either by bulk flow or by pinocytosis into the lymph channel. 
After subcutaneous injection of 99mTc antimony sulfide in the 
rabbit. 80% of the injected dose remains at the injection site 
at 4 hr. 2% of the dose can be recovered from the regional 
lymph nodes. and most of the remainder is in the reticuloen­
dothelial system of the liver [47] . Intravascular clearance of 
the radiolabeled colloid is mainly via the latter system. with 
75% of the injected dose in the liver at 2 hr after injection 
[47]. 

Previous attempts to image the PLP have been successful 
in rabbits and dogs. but have failed repeatedly in cats and 
primates [32. 42]. Images of the cranial PLP have been 
obtained in both the rabbit and dog using either Thorotrast 
(thorium dioxide) or iodinated oils (Brominol or Pantopaque) 
[11 . 12. 15. 32. 42] . Stuck and Reeves [42]. using intraven­
tricular injections of Thorotrast in cats and monkeys. opacified 
the optic nerve sheath but could not detect any extracranial 
Thorotrast in excrement or in the sacrificed animals' ashes. 
From similar experiments using Thorotrast and Pantopaque 
[32]. Schurr et al. [31] also concluded that the PLP was an 
important pathway in dogs but insignificant or absent in cats 
and primates. Why the PLP could not be visualized using 
Thorotrast in cats is not known. The rate of CSF clearance 
of colloid by all routes is slower in the cat than in the rabbit. 
It has been shown that in animals followed for up to 6 months. 
no additional Thorotrast movement occurs 8 hr after injection 
[15]. Slower clearance of colloid with subsequent binding may 
account for the inability to visualize the PLP with Thorotrast 
in cats. 

It was possible to image the PLP in both cats and rabbits 
after intraventricular injection of 99mTc antimony sulfide. The 
radiolabeled colloid passed into the basal cisterns and (within 
5 min) to the area of the olfactory bulb-cribriform plate. then 
into the nose. Cervical lymph node activity was first seen after 
30 min. Activity in the nose-olfactory bulb region reached 
90% of maximum at about 2 hr in the rabbit and 3 hr in the 
cat. The cervical lymph node region reached 90% of maximum 
at about 2 hr in the rabbit and 3 hr in the cat. The cranial­
CSF activity fell to 50% of its initial activity at 2 hr in both 
animals. 

The images (fig. 1) show that the olfactory bulb-cribriform 
plate area is the predominant site of cranial CSF colloid 
clearance. Obliteration of the olfactory nerve and cribriform 
plate by surgical ablation and replacement with methyl­
methacrylate has been shown to cause a 90% decrease in 
the amount of tracer recovered by cervical lymphatic duct 
cannulation [24]. Surgical ablation destroys not only the 01-

factory nerves. but the subarachnoid sheath that extends 
along the nerves for some distance extracranially. This area 
is termed the "subarachnoid cul-de-sac. " How material gets 
from the subarachnoid cul-de-sac into the nasal interstitial 
space is not known; it must. however. pass through the layers 
of cells that are covering the extracranial portion of the 
olfactory nerve. A schematic drawing of the subarachnoid cul­
de-sac and the surrounding tissue is shown in figure 4. 

Once the olfactory nerves pierce the cribriform plate. their 
dura and arachnoid fuse and approximate the pia of the nerve 
and become continuous with the epineurium [48] . Materials 
injected into the CSF can be recovered from both the subar­
achnoid space and the "subepineurial " space [48]. Beneath 
the epineurium. the perineurium covers the individual nerve 
fasciculi and is continuous with the subarachnoid-pia. The 
perineurium acts as both a barrier and a bridge [48] . protect­
ing the nerve from viral infections and providing a site for 
active transport. 

The PLP has not been demonstrated convincingly in man. 
Key and Retzius [7]. using gelatin injection in cadavers. 
demonstrated a connection between the olfactory subarach­
noid space and the cervical lymph nodes. This connection 
was thought by some to be an artifact produced by the long. 
high-pressure injections (60-80 cm Hg) [1] . Jacobi and Lohr 
[40]. collaborators of Egar Moniz. reported visualization of 
the PLP in human subjects with subarachnoid injections of 
Thorotrast. Although their description of the PLP with Tho­
rotrast is similar to findings in dogs and rabbits. no radi­
ographs or pertinent subject data were provided. Opacifica­
tion of the PLP by Thorotrast has not been reported by other 
researchers [49] . Computed tomography (CT) performed after 
intrathecal injection of metrizamide in human subjects has 
demonstrated contrast material along the arachnoid cul-de­
sac of the optic nerve sheath. If metrizamide did opacify the 
tiny olfactory nerve root cul-de-sacs. it would be very difficult 
to see because of the problems of partial-volume effect and 
resolution with CT. With a molecular weight (MW) of 789. 
metrizamide would not be trapped in the cervical lymph 
nodes. Neither would routine clinical radionuclide cisternog­
raphy be expected to demonstrate a PLP in man. The agents 
commonly used are small (radioiodinated serum albumin. MW 
60.000; pentetate [DTPA]. MW 398). and if they were to leave 
the CSF via the PLP. they would not become trapped in 
cervical lymph nodes but would be quickly cleared by the 
venous capillary bed of the nose. 

Occult CSF rhinorrhea is diagnosed routinely with 1111n 
DTPA cisternography [50]. Even in patients without CSF 
rhinorrhea. after cisternography there is significant activity in 
nasal secretions that is similar to the peak blood concentra­
tions [51] . This activity has been presumed to be from active 
concentration and secretion of the tracer by the nasal mucosa 
from the tracer in the blood pool. DiChiro et al. [34] using 
radioiodinated human serum albumin cisternography in dogs. 
showed that the marked nasal activity seen in dogs could not 
have come from the blood pool but was related to CSF 
clearance. 

If a significant PLP is not present in man. the use of an 
animal with a significant PLP for experimental modeling of 
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such diseases as hydrocephalus would have to be seriously 
questioned. Cats are now considered by many to be an 
adequate model for hydrocephalus [32]. Our data indicate 
that in cats the PLP may account for at least one-third of CSF 
clearance. 

Demonstration of an active PLP in man would have impli­
cations in cerebral pathophysiology. Foldi and Csillik [25] 
reported increased intracranial pressure, brain edema, and 
various histochemical and behavioral changes after removal 
of all identifiable cervical lymph vessels and nodes in a variety 
of animals. This has been called "experimental lymphogenic 
encephalopathy. " There is an increase in the efflux via the 
PLP after experimentally induced increased intracranial pres­
sure, as shown by McComb et al. [30] using a steady-state 
system in rabbits . If there is an active PLP in man, the popular 
notion that the brain is an immunologically privileged area 
should be questioned. Viral agents and amebic infections are 
known to travel in a retrograde fashion via the PLP of the 
nose [34- 38] . Some viral encephalopathies in man are sus­
pected of entering via the nasal mucosa [36] . It has been 
shown that sclerosis of the nasal mucosa of mice protects 
the animals from subsequent nasal viral innoculations [35]. 

An inert colloid such as 99mTc antimony sulfide may not be 
appropriate for use in humans. Inert colloids such as Thoro­
trast and kaolin have been shown to cause communicating 
hydrocephalus and an inflammatory arachnoiditis [42). A bio­
degradable compound with size properties similar to 99mTc 
antimony sulfide, such as microaggregated albumin, however, 
may be suitable, with appropriate magnetic resonance radio­
nuclide markers. 
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