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Der Ein/lu/3 yon Ultraschallwellen im therapeutischen Bereich 
au] die Feinstruktur der Leberzelle 

Eine elektronenmikroskopische Untersuchung an Md~usen 

Zusammen/assung. Ultraschallenergie in einer IntensitS~t yon 0.5 his 3 Watt/cm 2 wurde 
auf den Oberbaueh nicht-anaesthesierter M~use aufgebracht. Danach wurden Leberstiickchen 
e]ektronenmikroskopisch untersucht. Das Aussehen der Leberzellen schwankte yon fast 
normal (1 Watt/cm 2 ffir 1 rain) bis zu vSlligem Verlust (Coagulation) der Feinstruktur der 
Zellorganellen (3 Watt/cm 2 ffir 3 rain). Aul3erdem kam es zur Kavitation und ZerreiBungen 
im Cytoplasma der Leberzellen. Die Ver~nderungen sind wahrseheinlich bedingt durch die 
sowohl thermalen wie mechanischen Wirkungen des Ultraschalls; allerdings mag auch die 
relative Anoxie eine Rolle bei der Entstehung der intracellul~ren Vacuolen spielen. 

Summary. Ultrasonic energy of an intensity from 0.5 to 3 watts/cm 2 was applied on the 
upper abdomen of unanaesthetized mice and specimens of the liver were examined with the 
electron microscope. The appearance of the fine structure of the liver cells ranged from nearly 
normal (intensity of 1 watt/cm 2 for 1 minute) to complete loss (coagulation) of the fine struc- 
ture of the cell organelles (intensity of 3 watts/cm ~ for 3 minutes). In addition, cavitation and 
disruption of the cytoplasm occurred in the hepatic cells. The changes are probably due to 
both the thermal and mechanical effects of the ultrasound, but also the relative anoxia may 
play some role in causing the formation of intracellular vacuoles. 

The  biologic effects of u l t r a sound  can be d iv ided  into  two categories,  t he rma l  
and  non- the rmal .  Once the  absorp t ion  coefficient of the  t issues and  the  ref lect ion 
a t  t issue in terfaces  are known,  i t  is possible to  calcula te  the  so-called p a t t e r n  of 
re la t ive  heat ing.  The  d e p t h  of pene t r a t i on  of the  u l t rasonic  energy is ve ry  satis-  
fac tory .  One-half  of the  in t ens i ty  a t  the  muscle  surface is stil l  ava i lab le  a t  a dep th  
of 3 cm. Al though  mos t  of the  biologic reac t ions  are due to  the  t e m p e r a t u r e  
e levat ion,  the  ent i re  reac t ion  cannot  in  some ins tances  be exp la ined  on the  basis 
of hea t ing  alone. The  non- the rma l  effects of u l t r a sound  include,  e.g., a l t e ra t ion  
of the  pe rmeab i l i t y  of the  biologic membranes  and  the  phenomenon  of gaseous 
cav i t a t ion  (LEHMANN, 1965). 

There  has  been considerable  inves t iga t ion  of the  his tological  effect of u l t ra -  
sonic r ad i a t i on  using the  o rd ina ry  l ight  microscopic  me thods  (SouTgAM et al., 
1953; B ~ I ~  and  D S R ~ ,  1954; HVGg]~S and  NYBORG, 1962; GODFREY e t~] . ,  
1963; CowD]~N and  ABELL, 1963). I n  the  following, however ,  the  influence of 
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ul t rasonic rad ia t ion  on the u l t ras t ruc ture  of a typical  pa renchymal  cell, the liver 

cell, was s tudied with the electron microscope. 

Materials and Methods 
The ultrasonic unit used throughout these experiments was the ~Iegason XII  (manu- 

factured by The Birtcher Corporation, Los Angeles, Calif.). The soundhead has a surface of 
5.0 cm 2 and emits a cylindrical beam of sound waves of 1 megacycle frequency. The generator 
has a rated maximum output of 15 total watts, or 3 watts/cmK 

The experimental animals were young adult mice varying from 22 to 25 g in weight. For 
direct application of the soundhead on the upper abdomen of the unanaesthetized animals, 
paraffin oil was used as a coupling medium. The animals were treated in groups of five and 
the following intensities of ultrasonic energy and durations of treatment were used: 0.5 watt/ 
cm 2 for 2 minutes, 1 watt/cm 2 for 1 minute, 1 watt/cm 2 for 2 minutes, 2 watts/cm 2 for 1 minute, 
2 watts/era 2 for 2 minutes, 3 watts/cm 2 for 1 minute, and 3 wa%s/cm 2 for 3 minutes. During 
treatment the soundhead was slowly moved in small overlapping circles on the upper abdomen 
of the animal (the circular method). 

The animals were decapitated and exsanguinated 30 minutes after the treatment with 
ultrasound. Specimens of the liver were immediately fixed in 3 per cent glutarMdehyde 
(SABATI~T et al., 1963) in phosphate buffer (pI-I 7.2) for 1 hr. at 4~ and removed into phos- 
phatesucrose (PALAD~, 1952). The samples were then fixed for 1 hr. in 1 per cent osmium 
tetroxide solution buffered with veronM. After rinsing in distilled water, the specimens were 
dehydrated in ethyl alcohol in an ascending series of concentrations and embedded in the 
epoxy resin Epon 812 (LvFT, 1961). Polymerization to a suitable degree of hardness was 
effected in an oven at + 45~ for about 48 hours. Thin sections were cut with the Porter- 
Blum MT-2 ultramierotome using glass knives, poststMned with lead citrate solution (REYN- 
OLDS, 1963) and examined in the Siemens Elmiskop I electron microscope at original magnifi- 
cations of 2,000 to 15,000 and enlarged as desired. 

Results 

The animals  had no cutaneous lesions after t r ea tment .  No visible visceral 
lesions were observed in  the animals  t rea ted  with 1 wat t  and  2 wat ts /em 2. I n  the 
animals  t rea ted with 3 watts/era ~ for 3 minutes  there were small haemorrhagic 
areas on the surface of the liver and  the intest ines were congested and  swollen. 

Elect ron microscopic examina t ion  of the liver specimens revealed the follow- 
ing. The in t ens i ty  of 0.5 wa t t / cm e caused no significant changes in the fine struc- 
ture  of the liver cells. The in tens i ty  of 1 wat t /em ~ given for 1 minu te  caused only 
very  weak changes such as slight swelling of the rough endoplasmie ret iculum. 
When  given for 2 minutes  the same in t ens i ty  caused marked  di lat ion of the endo- 
plasmie re t ieu lum and  clear vesieulat ion of the cytoplasm. The in te rna l  cristae of 
the mi tochondr ia  were somewhat  decreased in  n u m b e r  and  glycogen had dis- 
appeared near ly  completely. 

The in tens i ty  of 2 wat ts /cm 2 applied for 2 minutes  caused clear changes in  the 
fine s t ructure  of the liver cells. The cytoplasm was oedematous and  there was 
extensive vesicle format ion throughout  the cell. Glycogen had completely dis- 
appeared (Fig. 1). 

After  the appl icat ion of an in tens i ty  of 3 wat ts /em ~ for 3 minutes  there were 
spot ty  areas in  the liver which represented coagulat ion necrosis with hacmorrhage.  
I n  these areas there was complete loss of the fine s t ructure  of the cell organelles. 
These changes were no t  uni form th roughout  the entire liver and  corresponded 
only to the coagulated areas detected in  the gross examinat ion ,  Erythrocytes  in 
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Fig. 1. Portions of two adjacent liver cells of a mouse after t reatment with 2 watts/cm g 
of ultrasound for 2 minutes. There is no glycogen, the cytoplasm is oedematous and the 

formation of vesicles is rich. • 21,000 

t h e  l i ve r  p a r e n c h y m a l  cells were  also a c o m m o n  f ind ing  i n d i c a t i n g  i r revers ib le  

d a m a g e  to  t h e  l i ve r  (Fig.  4). 
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Fig. 2. Portions of a nucleus and  cytoplasm of a parenchymal  liver cell of a mouse after  
t r ea tmen t  with  3 wat ts /cm 2 of ul t rasound for 1 minute.  The cytoplasm is oedematous and 

there is an intracellular vacuole curved around the nucleus. • 16,000 

The intensity of 3 watts/em 2, when applied for I minute, caused somewhat 
lesser changes. Oedema of the cytoplasm, vesicle formation and pyknotic nuclei 
were a usual finding. Sometimes also cavitation, consisting of bubble formation 
in the intracellular spaces, and disruption of the cytoplasm occurred. These 
phenomena took place most often at the borderline between the nucleus and 
cytoplasm (Figs. 2 and 3). 

Discussion 

T h e r e  a r e  f ew r e p o r t s  in  t h e  l i t e r a t u r e  c o n c e r n i n g  h i s t o l o g i c a l  c h a n g e s  i n  t h e  

l i v e r  u n d e r  t h e  i n f l u e n c e  of u l t r a s o n i c  t r e a t m e n t .  



30 E . J .  VALTO~EN: 

Fig. 3. Port ions of a nucleus and  cytoplasm of a parenchymal  liver cell of a mouse after  
t r ea tmen t  with  3 watts /em ~ of ul t rasound for 1 minute.  There is disruption of the cytoplasm 
occurring mainly a t  the borderline between the  nucleus and the  cytoplasm. The organelles 

show no signs of coagulation. • 16,000 

JAI~KOWIAK et  al. (1958) observed after ultrasonic irradiation passive hyperaemia, fa t ty  
degeneration and  a part ial  loss of glycogen. Among the  changes increasing quant i ta t ively  
with the  durat ion of the  ultrasonic t r ea tmen t  there were necrosis and  dissociation of the 
cells. BELL (1957, 1958) noted t h a t  a dose of 12 wat ts /cm ~ for 15 seconds produced a necrotic 
focus in mouse liver. BEIE~ and  DSg~E~ (1954) found marked  hyperaemia of the  liver 
immediately  below the  capsule. Wi th  a t r ea tmen t  period of 5 minutes  a t  an  intensi ty of 
3 wat ts /cm e no changes were found in the  liver cells, bu t  with  an  intensi ty of 5 - -6  wat ts /cm e 
there was extensive vaeuolization, haemorrhagic effusions and necrosis. D6N~A~DT and 
PRES~ (]953) also observed necrosis of cells in the  livers of ra ts  and  changes in the  lipoids of 
the blood serum after  ultrasonic irradiation. SOUTtlAM et al. (1953) did not  find the  above 
ment ioned changes in the  cells a t  an  intensi ty of 1 watt /era  2. Serious lesions and  necrosis of 
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Fig. 4. Parts of three liver cells of a mouse after treatment with 3 watts/cm 2 of ultrasound 
for 3 minutes. There is complete coagulation of the cells and the cell organelles have for the 

most part lost their fine structure, x 8,100 

the liver cells appeared for the first time at an intensity of 10 watts/cm ~. According to BEJDL 
(1954) there were no changes in the liver cells at low intensities, but at high intensities cell 
deaths occurred due to tearing of the nucleus, its coagulation and breaking. 

As is shown also in  the present  s tudy,  it  is possible to cause serious damage to 
the l iver wi thout  producing any  lesion of the skin, because the skin is much more 
resistant to the damaging action of the ultrasound (BELL and A~OYRIs, 1957) 

than the liver. As to the ultrasound intensity that can cause destruction of the 
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tissues, it is, of course, dependent on the size of the experimental animal because 
of the thermal factor of the ultrasonic energy. In  the present study, in which 
mice served as experimental animals, the intensity of 1 watt/era 2 was the first to 
cause slight changes, and only 3 watts /cm 2 caused severe damage when applied 
for 3 minutes. In  addition, the technique of the application is of great importance. 
In  this s tudy the soundhead was slowly moved in the upper abdomen. Because 
the moving of the soundhead was slow and occurred over a relatively small area, 
this technique of application was closely related to the stat ionary technique in 
which the soundhead is held in one position. The stat ionary technique produces a 
rapid rise of temperature  in a very small area ("hot  spots") ,  while the rest of the 
tissues are not heated markedly. The appearance of "ho t  spots"  is the most 
probable explanation for the occurrence of completely coagulated haemorrhagic 
small areas in the livers of the mice treated with an intensity of 3 watts /cm ~. 

The changes in the fine structure of the cytoplasm of the liver parenchymal 
cells are degenerative in character. The first changes in the fine structure are 
similar to the changes caused by  several hepatotoxic substances, which for the 
most par t  are still reversible (tZOVlLIml~, 1964). They include, e.g., changes in the 
endoplasmic reticulum, disappearance of the glycogen, vesicle formation in the 
cytoplasm, and minor changes in the mitochondria. The more marked changes, 
as pyknosis of the nuclei, extensive intracellular oedema and vesicle formation, 
are probably already irreversible changes, as are disruption of the cytoplasm and 
coagulation of the intracellular organelles. 

I t  is impossible to say whether the changes in the fine structure of the hepatic 
cells are due to the thermal or non-thermal effect of ultrasound. The pr imary 
reactions occurring within an ultrasonic beam at therapeutic intensities of the 
order of 1 to 4 watts /cm 2 are directly related to the particle movement  as a result 
of wave propagation. The amplitude of displacement of the particles is of the order 
of 1.10 -6 to 6.10 -s cm. The maximum velocity of the particles is approximately 
10 to 26 era/see and the accelerations to which the particles are subjected are 
about 5.107 to 16.107 cm/sec 2. The pressure amplitude in the waves is approxi- 
mately  1 to 4 atmospheres, and thus a great difference in pressure occurs over a 
relatively short distance (LEttMANN, 1953). By cavitation is meant  tha t  empty  
spaces or gas bubbles are formed in the tissues during the phase of low pressure. 
The distance between the region of maximal rarefaction and tha t  of maximal 
compression is about 0.1 cm. Therefore the spotty formation of intracellular gas 
bubbles or the intracellular disruption of organelles can be explained also on the 
basis of mere mechanical ultramassage. The spot ty elevation of temperature in 
the tissues can, however, be an explanation of the formation of gas bubbles, 
although the disruption of the cytoplasm as is presented in the Fig. 3 seems to 
be more probably the result of mechanical disruptive forces. 

The perinuclear disruption of the cytoplasm and the formation of perinuelear 
vacuoles is a peculiar phenomenon which can be explained in two ways. Because 
the reflection of ultrasound can occur at  interfaces between tissues of different 
acoustic impedance, a par t  of the ultrasonic energy may  be reflected from the 
nucleus and lead to an increase of ultrasonic energy close to the nucleus, i.e., in 
the perinuclear space. On the other hand, B ~ wnl~  and ItEATI~ (1965) have shown 
that  anoxia causes formation of intracellular vacuoles in liver cells. These vacuoles 
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are  big, r o u n d  or  o v a l  a n d  s o m e t i m e s  c u r v e d  a r o u n d  t h e  nuc l eus  a n d  t h e y  c o n t a i n  

no r e m n a n t s  of c y t o p l a s m i c  bodies.  I t  is t h e r e f o r e  poss ib le  t h a t  a t  l eas t  some  of t h e  

vacuo l e s  o b s e r v e d  in  t h e  h e p a t i c  cells a f t e r  a p p l i c a t i o n  of u l t r a s o u n d  a re  due  to  

t h e  r e l a t i v e  a n o x i a  of t h e  l i ve r  cells caused  b y  t h e  i nc rea sed  m e t a b o l i s m  due  to  

t e m p e r a t u r e  e l eva t ion .  
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