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A principal route of internal contamination f o r  workers exposed t o  p1.i- 

tonium i s  via the respiratory t ract  from which deposited material will be 

translocated t o  other portions of the body including the thoracic lymph nodes. 

Over an extended period o f  time (several years)  50% of the alveolar  deposited 

plutonium i n  dogs may be translocated t o  thoracic lymph nodes resul t ing in 

concentrations in the nodes which a re  50 t o  100 times tha t  in the lungs. (1  1 

Results on autopsy samples from workers and  the general population show 

similar  concentration phenomena. 

for exposure t o  plutonium show a median concentration fo r  the lymph nodes 

which i s  about  seven times t h a t  of the lungs. ( * )  These subjects were not 

selected fo r  route of administration and along w i t h  the f ac t  tha t  sampling 

of tracheobronchial lymph nodes i s  representative of only a portion o f  the 

Selection of subjects with a high potential  

lymph node: r’r>.ining the lungs, one would rxrect  actual r a t io s  to  be k!;k?r. 

In terms o f  plutonium concentration, complete analysis o f  the respiratory 

nodes and  lung t issues  gave concentration d i f f e ren t i a l s  of over 1000 t o  1 

when comparing lymph nodes and lung parenchyema. ( 3 )  Many inhaled materials 

show t h i s  concentration phenomena and  various aspects of lymphatic drainage 

of the lung a n d  Concentration phenomena have been reviewed by Morrow(4) and 

others.  ( 5 )  

Because of t h i s  translocation and concentration phenomena, the highest 

radiation doses deljvered t o  any t i s sue  a r e  often received by the thoracic 

lymph nodes. This redis t r ibut ion will a f f ec t  the dosimetric evaluation of 

inhalation depositions and  will a lso a f f ec t  the interpretat ion o f  whole-body 

ccunts. 

t ions and thus aid in the interpretat ion of inhalation exposures. 

of the probe t o  experimentally exposed animals and  t o  an accidental exposure 

case are  described. 

This paper describes a probe b u i l t  t o  evaluate lymph node deposi- 

Application 
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In-vivo measurenent o f  plutonium i s  performed by counting tne L x-rays 

of the uranium daughter and radiations from 241h, the daughter of 241Pu .  

The x-rays (13.6, 17.0 and  20.2 keV) plus the 60 keV g a m a  of 241h a re  o f  

low in t ens i ty (6 )  and rapidly attenuated by t i s sue .  (7) Typically, fewer 

t h a n  30 x-rays per minute will escape from the body of a subject w i t h  alveolar 

deposi ted pl utoni urn representing one Maximum Permissible Lung Burden (1 6 nCi ) 

and only a f ract ion of these will be intercepted by a detector  of  practical  

dimensions. Variations in t i s sue  absorption due t o  changes i n  t i s sue  mass, 

d i f f e ren t i a l  translocation of 241h and 2 3 9 P u , ( g )  a n d  the low count r a t e s  make 

i t  impractical t o  correct fo r  s ens i t i v i ty  . o f  external counting ( l o )  o r  to  deter- 

mine the r e l a t ive  dis t r ibut ion of the translocated material .  

(8) 

Because of the high doses delivered t o  the lymph nodes and  the changing 

dose pattern w i t h  time(5) i t  i s  valuable t o  have a technique fo r  estimating 

the amount deposited in  the nodes. Figure 1 shows a typical lymph node 

geometry from which i t  is apparent t h a t  the nodes a re  accessible f o r  counting 

by a probe placed in e i the r  the esophagus o r  the trachea. 

the preferred s i t e  due t o  lessened chance of infect ion,  reduced interference 

w i t h  breathing, subject comfort and ease of the probe inser t ion procedure. 

The f igure shows only the nodes in the region of the bifurcat ion;  mediastinal, 

pulmonary, paratracheal,  e t c . ,  nodes a r e  n o t  shown. L i t t l e  de ta i l  i s  known 

about the d is t r ibu t ion  o f  translocated material among nodes and the distri-  

bution of nodes bf‘we-ight or s ize .  

The esophagus is  

Measurements by Pochin ‘11)  indicate an 

average mass of 16 g fo r  the tracheobronchial nodes in nine adults with a 

range o f  10-30 g .  The concentration between lymph nodes can vary widely; ( 3 )  

and more information i s  needed in t h i s  area.  

the carina i s  generally the l a rges t ,  the  greatest  act.ivi.ty would be expected 

a t  t h i s  point. 

Since the tracheobronchial node a t  
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For dogs the tracheobronchial node groups a re  smaller and  show l e s s  

variation t h a n  i n  humans; (12 )  t he i r  mass i s  0.548 f_ 0.016 g .  ( 1 3 )  

dogs indicate a f a i r l y  uniform d is t r ibu t ion  of the material among the tracheo- 

bronchial nodes on the basis of concentration. 

Data from 

The Intraesophageal Probe 

Previous e f fo r t s  w i t h  so l id-s ta te  avalanche detectors demonstrated the 

f e a s i b i l i t y  of  counting plutonium i n  the tracheobronchial lymph nodes using 

an intraesophageal radiation detector.  (14)  The low eff ic iency (5-102) o f  

these detectors ,  t h e i r  temperature d r i f t ,  t h e i r  angular s e n s i t i v i t y ,  and the 

presence of  h i  gh voltage 1 imi ted t h e i r  cl inical  useful ness and hindered 

achievement o f  the low detection l imi t s  desired (Q n C i ) .  

Early e f f o r t s  a t  coupling s c i n t i l l a t o r s  t o  photomultipliers w i t h  f i b e r  

optics (14)  i I i ; ca ted  t h a t  th is  could be a u a s f u l  technique i f  the back- 

ground count ra te  could be sui tably reduced. 

diode had reached a plateau short  of required g o a l s ,  e f f o r t s  were directed 

Since e f f o r t s  w i t h  the avalanche 

toward the f iber-opt ic  coup1 ed sci n t i  11 a to r .  

C o u p l i n g  a s c i n t i l l a t i o n  crystal  t o  a photomultiplier w i t h  f i be r  opt ics  

causes an 80-90% loss i n  the s c i n t i l l a t i o n  intensi ty  reaching the photo- 

mult ipl ier .  A t  low energies th i s  i s  serious becuase i t  causes a loss  of 

resolution and moves the s c i n t i l l a t i o n  spectra i n t o  the noise region of 

the phototube. 

r a t i o ,  one must reduce the background from the photomultiplier. 

For--low.,background counting a n d  an improved signal t o  noise 

This was 

done by select ing a low-noise, h i g h - g a i n  phototube, magnetically l i m i t i n g  

the act ive ar2a o f  the photocathode and by reducing the number of f a s t  r i s e  

time pulses by a p u l  se-shape discrimination technique.(15) Use of these 

techniques reduces the background c o u n t  r a t e  i n  the energy range from 

6.5-40 keV by a factor  of 50 or more. 
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Figure 2 shows background spectra before a n d  a f t e r  noise reduction tech- 

niques were applied. A coincidence leads t o  even lower back- 

g round  r a t e s ;  however, the small reduction I n  detection l i m i t  did not j u s t i f y  

the added expense a t  this stage.  

Figure 3 shows a photograph of the assembled probe w i t h  the detector  

and photomultiplier; a preamplifier can be encased i n  the housing w i t h  the  photo- 

tube. This u n i t  uses a 2.5 cm long by 4.7 mm diameter crystal  coupled t o  

the photomultiplier by 60 cm of f iber  opt ics .  

c rys ta l  i s  packed i n  PlgO i n  a t h i n  aluminum shell (0.25 m m )  w i t h  an outside 

diameter of 7 mm. 

have been b u i l t  a n d  resulted i n  performance comparable t o  the present u n i t .  

The completed assembly i s  coated w i t h  a pure polyurethane resin and 

The NaI(T1) s c i n t i l l a t i o n  

Three other probes u s i n g  a 90 cm f i b e r  opt ic  coupling 

cured slowly a t  room temperature and h i g h  humidity. 

the probe from the caus t ic  f lu ids  w i t h i n  the digestive t r a c t  and sof tens  

the edges and corners of the probe. Due primarily t o  the thermal s e n s i t i v i t y  

of the NaI(T1) c rys ta l  the probe cannot be autoclaved; however, gas s t e r i l i z a -  

This material protects 

t ion has been used w i t h o u t  degrading the performance or longevity of the probe. 

The calculated absorption i n  the detector  f o r  normally incident photons 

i s  100% below 80 keV; however, a t  low energies attenuation i n  the aluminum 

encapsulation becomes important. 

L x-rays emitted i n  the decay of plutonium (13.6, 17.0 and 20.2 keV) i s  

reduced 38% by the 0 . 2 5  mn thickness of aluminum encapsulation. 

the eff ic iency begins.to f a l l  and i s  reduced t o  65% a t  150 keV. 

resolution a t  59.6 keV with the probe d i r ec t ly  coupled t o  the photomultiplier 

i s  17%; however, w i t h  the f i b e r  opt ics  the resolution i s  reduced t o  54%. The 

poor resolution i s  caused by l i g h t  losses result ing from the f i b e r  op t i c  

coupling of the c rys t a l .  

For example, the in tens i ty  o f  the uranium 

Above 80 keV 

Measured 
-.. 
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Compared t o  an avalanche probe the sens i t i v i ty  (cpm/nCi) for  plutoniuni 

x-rays i s  over 25 times greater  for the s c i n t i l l a t i o n  probe. The probe 

was a l so  evaluated for other biomedical applications(16) and  had higher 

s ens i t i v i ty  than  so l id-s ta te  probes such as CdTe and GaAs. 

RESULTS 

Dog Counting 

Dogs from a low-level Pu02 inhalation experiment ('I were used f o r  

Four dogs exposed t o  239Pu02 and one exposed t o  tes t ing  of the probe. 

238Pu02 were counted. When count ra tes  were h i g h  enough t o  warrant i t ,  

scans were taken t o  determine count r a t e  as a function of posit ion.  

count ra tes  were low, timed counts were taken a t  locations expected to  

When 

correspond t o  maximum and minimum count ra tes .  

performed a t  selected positions in the higher level dogs. 

Timed counts were a l so  

Figure 4 shows a typical scan i n  one o t  the dogs. Peak count r a t e  was 

shown t o  correlate  w i t h  the position of the tracheal bifurcation by radio- 

graphs as shown in Figure 5. 

dogs showed a sharper peak in count r a t e  on scans. 

two factors .  

longer leading t o  poorer spa t ia l  resolut ion.  Second, since these were 

Previous counts with avalanche probes on 

This was caused by 

F i r s t ,  the sens i t ive  length of  the s c i n t i l l a t i o n  probe i s  

gross counts ( n o  energy discrimination) the 60 keV photons from 241Am 

would degrade the spa t ia l  resolution 

t i s sue .  

the sens i t i v i ty  of the s c i n t i l l a t i o n  probe i s  approximately 100% a t  

60 keV compared t o  0.5% for the avalanche probe. 

due t o  t h e i r  longer mean f r e e  p a t h  in 

Energy di3crimination was n o t  used w i t h  the avalanche probe b u t  

Table 1 shows the estimated s e n s i t i v i t y  for  lymph node c o u n t i n g  i n  

four 239Pu dogs and  one 238Pu dog .  The average s m s i t i v i t y  for the 239Pu 

dogs, 1 . 2  cpm/nCi, i s  close t o  the sens i t i v i ty  estimated from the r e l a t ive  

sens i t i v i ty  of  the avalanche a n d  s c i n t i l l a t i o n  probe and previous dog 
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counts with the avalanche probe 1 .O cpm/nCi, 

t i v i t i e s  i s  n o t  surprising considering t h a t  measured deposition i n  the 

lymph nodes can vary by over a factor  of two i n  d i f f e r e n t  dogs  a t  the 

same time since exposure. 

whole body counts and observed translocation r a t e s  i n  o ther  dogs include 

a l l  the thoracic lymph nodes, not just  the tracheobronchial nodes. 

The large range i n  sensi- 

Also, the lymph node burdens estimated from 

An 

accurate cal ibrat ion will  require post-mortem analysis o f  lymph nodes. 

The net count r a t e  a t  the position of i n t e r e s t  i n  these animals was 

determined by subtracting count r a t e s  taken a t  a posit ion a few centimeters 

f u r t h e r  down the esophagus (caudad). T h i s  procedure corrects  f o r  counts 

contributed by material deposited i n  the lungs. 

s e n s i t i v i t y  and a five-minute counting period the Minimum Detectable Amount 

(MDA) a t  the 84% confidence level i s  4.8 n C i  compared t o  about 10 n C i  k ! i th  

the avalanche d iode  probe. The MD,\ does not change i n  d i r e c t  proportion 

t o  the s e n s i t i v i t y  because of the higher background of the s c i n t i l l a t i o n  

probe. 

been about 2.4 nCi  f o r  the s c i n t i l l a t i o n  probe, b u t  would not have changed 

s igni f icant ly  f o r  the avalanche probe. 

Based on the average 

If  the counting had been performed i n  a shield the MDA would have 

Huma n Mea s u remen t s 

A phantom consisting of an esophagus and tracheobronchial t r e e  fab -  

r icated of silicob.rubber and suspended i n  water were used t o  simulate the 

human geometry fo r  cal ibrat ion purposes. The phantom is  based on the best 

available anatomical information and employs sources positioned a t  the 

carina and a t  each side o f  the trachea t o  simulate the geometry depicted 
c 

CZI i n  Figure 1. 

-2 i n  count r a t e  as the lymph node region i s  passed. 

Figure 6 shows a scan in the phantom i l l u s t r a t i n g  the change 

Again the peak i n  count 
CT; 

h9 
c r a t e  i s  not as  well defined as fo r  the case of the avalanche diodes (14 1 

as  discussed i n  the section on dog counting. The peak s e n s i t i v i t y  a t  
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x-ray energies i s  0.807 cpm/nCi. 

t o  34 nCi with an avalanche diode as shown ; I I  Table 11. This i s  a t  the 

90% confidence level w i t h  J. 20-minute counting period. 

Act ivi ty  in the lungs will contribute t o  the count r a t e  pa r t i cu la r ly  

This yield5 a n  MDA o f  3.0 nCi coiiipared 

a t  60 keV. 

a r e  taken and subtracted from the lymph node region counts. 

containing plutonium and located in a phantom were used t o  c a l i b r a t e  the 

probe f o r  lung a c t i v i t y .  A t  x-ray energies (17 keV) the s e n s i t i v i t y  was 

0.025 cpm/nCi while a t  y-ray energies (60 keV) i t  was 0.072 cpm/nCi . 
ca l ibra t ion  will  depend on isotopic  composition of the counted mater ia l .  

I t  i s  c l e a r  t ha t  the s e n s i t i v i t y  fo r  l u n g  deposited material i s  much l e s s  than 

t h a t  f o r  lymph node a c t i v i t y .  

To cor rec t  f o r  t h i s  a c t i v i t y  counts away from the lymph nodes 

Phantom lungs 

This 

The procedure developed f o r  us ing  the probe cn human volunteer t es t  subjects  

was based an a combination of experience from counting the dogs and standard 

medical endoscopic procedures. 

the subject  t o  assure informed consent h i s  throat  i s  l i g h t l y  anesthetized and 

the probe inser ted by a physician t o  the approximate locat ion of the  bifurcat ion.  

Next radiographs (or  fluoroscopy) a re  used t o  ad jus t  the probe so t h a t  the detector  

i s  just  below the bifurcat ion.  

counter shield where two 10-minute counts a r e  taken a t  the bifurcat ion,  one 

10-minute count  i s  taken 4 cm below (caudad) t h i s  location and one 10-minute 

count i s  taken 5 cG-aboVe the bifurcation region (cephalad).  

Brief ly ,  a f t e r  explaining the procedure t o  

The subject  i s  then placed in a whole body 

The f i r s t  counts measure the a c t i v i t y  in  the tracheobronchial lymph 

nodes, the second measures primarily lung contribution and the th i rd  measures 

a c t i v i t y  from mediastinal and paratracheal nodes. 



Two volunteer subjects were counted a t  Los Alanios Sc ien t i f i c  Laboratory. 

One was a background o r  control subject while the second was an individual 

accidentally exposed t o  an aerosol of 239Pu02 14 years pr ior  t o  our counting. 

His l u n g  burden i s  estimated a t  8 n C i  of 241Am fo r  in-vivo counting since 

the L x-rays of 239Pu are no longer detectable.  

Figure 6 i s  an x-ray showing the probe properly positioned f o r  the 

f i r s t  s e t  of counts. 

shows counting resu l t s  a t  the three posit ions.  

on s t a t i s t i c a l  variations and represent the precision of the measurement. 

The probe i s  j u s t  below the bifurcation. Table I11 

The errors  shown a re  based 

Accuracy i s  limited by e r rors  i n  cal ibrat ion and our lack of knowledge 

concerning va r i ab i l i t y  of  lymph node s izes  and interlymph node ac t iv i ty .  

Accuracy is d i f f i c u l t  t o  estimate, b u t  a fac tor  of two e r r o r  i s  not 

inconceivable 

bifurcation posit ion,  1)  are  probably due t o  a combination of paratracheal 

nodes, mediastinal nodes and  a higher contribution from the lungs. 

Conclusions 

The h i g h  count ra tes  a t  y c i f i n n  3 (5  cm cephalad of 

Experimental r e su l t s  have shown tha t  i t  i s  possible t o  count plutonium 

i n  the tracheobronchial lymph nodes using a re la t ive ly  safe and simple 

procedure. The new s c i n t i l l a t i o n  probes have greater s ens i t i v i ty ,  l e s s  pos i -  

t ional dependence and do not require placing high voltages w i t h i n  the body. 

The probe i t s e l f  is,-completely passive. 

(MDA) of approximately 3.0 n C i ,  the probe can be used t o  perform counts on 

many occupationally exposed plutonium workers. With refinements the MDA 

could be reduced by a fac tor  of  two.  

With a minimum detectable amount 



-9- 

The probe i s  n o t  meant t o  replace whole-body counting techniques for 

plutonium, b u t  will allow one t o  determine the par t i t ion ing  of dose from 

translocat ion materials and t o  continue counting plutonium when i t  "disappears" 

due t o  increasing attenuation o f  the x-rays as  the material becomes more 

cen t r a l ly  located i n  the t h o r a x  (lymph nodes). 

The probe technique is  n o t  l imited t o  plutonium counting. The i n t r a -  

esophageal technique could be used for  studying lymph node build-up o f  

various materials tagged w i t h  low energy photon emitters. Similarly,  the 

f i b e r  op t ic  coupling of a s c i n t i l l a t o r  provides a biomedical probe which 

i s  passive and could be used fo r  many s tudies .  (16 )  



Table 1 :  Estimated Sens i t iv i tv  f o r  Count,ina Procedure 

t I n i t i a l  A1 veolar Count* Rate Estimated Sens i t iv i ty  
Dog Burden ( n C i )  (cpm) (cpm/nCi 1 

759 802 121 5 7 0.61 

753 2450 272 5 11 0.45 

764 140 5 9 +  - 4 1.7 

781 44 21 5 3 

1042F ( 238Pu) 2900 530 - + 13 

1.9 

0.61 

* Net count r a t e  a t  x-ray energies. 

+ Based on estimated thoracic lymph node burden us ing  i n i t i a l  a lveolar  
deposition and previously observed translocation r a t e s .  

-- . ., 
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FIGURE CAPTIONS 

F igure 1 : 

F igure  2: 

F igure  3: 

F igure 4:  

F igure  5 :  

F igure  6: 

F igure  7: 

Lymph nodes loca ted  near t rachea l  b i f u r c a t i o n  on a human 

cadaver. Al though t h i s  represents  a t y p i c a l  geometry i t  

does n o t  represent  an average. 

Spectra f o r  t he  background o f  a phototube w i t h  and w i t h o u t  

reduc t i on  o f  t he  background noise.  Magnetic l i m i t a t i o n  o f  
t he  photocathode a r e a  and pul  se-shape d i s c r i m i n a t i o n  were 

used t o  lower  the  background count r a t e .  

Photograph showing the  probe employed i n  these s tud ies .  

de tec to r  i s  shown a t  t he  end o f  the  f i b e r  o p t i c s  bundle w h i l e  

the  phototube i s  i n  the  l a r g e  housing a t  t h e  oppos i te  end. 

The 

Count r a t e  vs.  p o s i t i o n  f o r  probe i n  a dog. 

Xlray showing probe loca ted  a t  p o s i t i o n  o f  maximum count 

r a t e  i n  dog. This  i s  the  l o c a t i o n  o f  t he  t racheobronch ia l  

lymph nodes. 

Scan i n  phantom showing v a r i a t i o n  i n  s e n s i t i v i t y  w i t h  p o s i t i o n .  

X-ray showing probe p roper l y  pos i t i oned  i n  human sub jec t .  ’ 
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FIGURE 5 
X - R A Y  SHO1*1If!G PROBE LOCATED AT POSITION OF f.2AXIr:UI.l COUrIT RATE IN DOG 
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FIGURE I 7 

X-RAY SHOWING PROBE PROPERLY POSITIONED IN HUrZAN SUBJECT 

-UT- 7 -. .-. - --., -,-.--.*-- __. __-_ - m a w  

-- , ., - 

i 


