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ABSTRACT : 

Rabbit fernora were fractured with d i f ferent strain rates ( static 
and dynamic )  with measurement of the bone marrow pres sure . In 
compari son with previous research , this inve st igation rneasured 
bone rnarrow pres sure dur ing the actual mornent of fracturing . 
The results showed that the amount o f  fat ernboli i s  dependent on 
the strain rate , and occurs mainly at the rnornent of fracture , when 
elastic s train energy i s  re leased in the form of pulse wave s .  
A further group o f  rabbi t  fernora were s ub j ected to standarised 
pulse waves on the bone marrow . The nurnbe r  of fat embol i  produced 
i s  proportional to the strength and number o f  these wave s .  

C l inical re levance : 

H igh speed acc idents tend to produce i n j uries resulting in the re
lease of fat ernboli , whi l s t  spart injuries do so rare ly . Therefore 
the circurnstances of trauma leading �o long bone fracture should 
always be evaluated , in view of the pos s ible c linical consequences 
of fat embol i .  

For rnore than a century the fat ernbolisrn syndrome has been of 
interest to the traumato logi s t .  Most workers regard the condition 
as an irnportant cornplication of fractures , in particular those of 
the lower l imb s .  
Fat ernbol i srn can be defined as the b lockage o f  blood ve ssels by fat 
globules too large to pass through the smallest capil laries . 
C l inically the class ical syndrorne is characterised by a post trau
rnatic syndrorne- free interval of 1 2  to 3 6  hours fol lowed by rnaj or 
respiratory and cerebral changes , tachycardia , pyrexia and a cha
racteristic petechial rash . 

Fat embolisrn i s  often subc linical with hypoxaernia as the only 
feature of pulrnonary dys function (McCarty , 1 9 7 3 ;  Tachakra , 1 9 7 5 ; 
Shier , 1 9 7 7 ;  N ixon , 1 9 7 8 , Pollak,  1 9 7 8 ) . 
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The pathogenesis  of fat embolism is still  unc lear . Certain puz z l ing 
features have stimulated many experimental and c l inical studie s .  
Thus far there has been no good experimental mode l .  Although fat 
embol ism is mos t ly seen after fractures , mos t  investigators use 
other methods to provoke the syndrome in anima l s . This i s  probably 
due to the fact that the results of fracture are very uncer tai n .  
I n  contras t the inj ection o f  depot fat or free fatty acids always 
produces an a lmos t  ins tantaneous syndrome ( Moritz , 1 9 7 2 ; Parker , 
1 9 7 4 ; Nylen , 1 9 7 6 ; Hechtman , 1 9 7 8 ) . 
Another method used to provoke fat embolism i s  the inj ec tion o f  
substances into the medul lary c anal under pressure ( Bloomenthal , 
1 9 5 2 ; Cuthbertson , 1 9 6 4 ;  Breed , 1 9 6 4 ; Marsman , 1 9 7 5 ) . 
There has been no inve s ti gations explaining why i t  i s  so difficult 
to provoke fat embolism in animal mode ls by i na trogenic fractures . 
Kuhne ( 1 9 5 7 ) always found fat embo lism in post mortem examinations 
of cats and dogs which rece ived fracture s in road traffic acc idents . 

Review of the c l inical l i terature of fat embo l i sm suggests that the 
syndrome is usually seen after high speed accidents . It is a common 
finding in severe road traf fic accidents . ( Sachdeva , 1 9 6 9 ; Saldeen , 
1 9 7 0 ;  Rokkanen ,  1 9 7 0 ; C lout ier , 1 9 7 0 ; Moylan , 1 9 7 7 ) . 
I t  i s  rarely seen fol lowing sports i n j uries ( Be z e s ,  1 9 7 6 } . 
I t  i s  obvious that the rate of de formation of bone can be quite 
d i f f erent under d i f ferent condition s .  The purpos e  of the pre sent 
inve s t igation i s  to examine the inf luence of the rate of de forma
tion in mechanical trauma on the gene s i s  of f at embolism.  

MATERIAL AND METHODS 

F i f ty-four rabb its ( Chinchilla and bastards , TNO s train)  wei gh ing 
1 9 5 0  to 3 1 5 0  gram were used in this s tudy .  T e n  rabbits were s ub
j ected to femur fractures under standar ised static load ( s tatic 
group ) . Eighteen rabbits were subjected to femur fractures under 
s tandarised dynamic load (dynamic group ) . Twenty-s ix rabb its were 
subj ected to s tandar i sed pulse waves of d i fferent magnitude and 
durat ion on the bone marrow of the f emur ( pu l s e  wave group) . 

Anae sthesia was induced by i ntravenous pentobarbital ( 2 0 - 3 0  mg/kg) 
and maintained by on air-halothane mixture . The femur was partly 
exposed , to measure the bone marrow pressure and to fix the femur 
during fracturing in the fracture machine s .  
A lateral incis ion was made from the trochanter ma jor to the knee 
j o in t .  The fascia lata was d ivided and the i l iotibial tract cut 
near the lateral femur condyle . The vastus lateralis tract cut near 
the lateral femur condyle . The vastus lateralis muscle and the ab
ductor crutis lateralis were d ivided by blunt d i s s ection . The qua
dratus femoris muscle  was dis sected from the femur over a dis tance 
of about three cent ime ters and the adductor muscles from about 0 . 5 
centimeter . A few millimeters above the lateral femur condyle the 
per ios teum was s tripped and a hole of 3 , 5  mm diameter wa s hand
dril led through the corte x .  A 4 mm self-tapping bone canule ( lumen 
diameter 2 , 5  mm) was f ixed i n  the hole . The bone canula was filled 
with heparinized physiological saline ( 1 0 0  I , E . /kg  Heparine NovoR) 
and the cortex around the c anula was sprayed with plastic wound 
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R spray ( Nobecutane ) . The bone canula was connected by a l mm poly-
e thylene tube to a transducer . 
Blood pres sures in the carotid artery and j ugular ve in were re
corded by separate transducers . 

To produced s tandari s ed femur fractures under static load ( low 
strain rate ) a Houns field Tensometer ( Al O )  was used.  The tens ile 
pull was converted to compress ion by means o f  a compress ion cage 
( B l O ) . 
The rabbi t  was placed on a table above the fracture machine and the 
partly exposed femur was f ixed between three holders in the com
press ion cage so that a three point load was exerted ( d i s tance 
between each holder 1 5  mm) . 
A pneurnatically operati ng fracture machine was con s truc ted to 
produce s tandar i s ed femur fractures under dynamic load ( high strain 
rate ) . The partly exposed femur was f ixed in the compre s sion cage 
which was f ixed to a honed cylinder with a piston . The pi ston was 
propelled via a high pres sure cylinder . In ten rabbits a three 
point load was exerted and in e ight the f emur was fractured under 
d irect compress ive force ( for which the femur was f ixed between 
an oblong holder and a sma l l  block ) . The magnitude of the applied 
force was measured in both fracture machines by a def lection spring 
beam connected to a transducer . 

In the experiments with standarised pulse waves o f  d i f ferent mag
ni tude ( and duration ) on the bone marrow a smal l  incis ion was rnade 
over the lateral femur condyle and the i l iotibial tract was cut 
to screw in the bone canule . A three-way s topcock was placed on 
the bone canule and connected by l mm poly-ethy lene tubes to the 
pres sure transducer and a lOcc  syringe of glas s .  The system was 
f i l led with phys iological saline with heparini sed sal i ne in the 
bone canule . 
The pi ston of the syringe was propel led by a srnall  cylinder and 
piston , which was connected via a valve (Martonair S 2 1 - 1 /c Rol )  
and a pre s sure regulator with a high pres sure cylinder . With this 
system , pulse waves to the bone marrow of any desired magnitude 
and duration could be g iven . 

The s ignal s  of the b lood pres sure s ,  the bone marrow pres sure and 
the appl ied force were registered on an Elema 1 6 -channel poly
graph recorder . The s i gnal s of the marrow pres sure and the force 
were also reqistered on an Ampex recorder ( 1 2 0 inch/sec ) , for a 
more exact analysi s  o f  the marrow pres sure during the fracturing 
of the femur . 

After the femur was fractured ( static- and dynamic group ) or 
pressures to the bone marrow were g iven ( pulse wave group) the 
animals were sacrif iced after one hour with an overdose o f  I . V .  
pentobarbital . The lungs were removed and f ixed i n  ten percent 
buffered formalin . A s l ic e  of the left lung was imbedded in paraf
f i n ,  sectioned at 6 µ and sta ined with heamtoxylineosin and 
osmium tetra-oxide . 
In the section o f  the lung stained for fat the number o f  fat 
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globules was counted in 0 . 5  cm2 ( 7  fields of 0 . 7 1  mm2 , without 
over lapping of tissue)  . 

RESULTS 

Static group 

The f emur was fractured under a static three point load in ten 
rabbits ( mean weight 2 4 5 1  + 4 2 0 . 6  gram ) . The mean t ime of load 
appl ication was 5 7 , 7  + 1 9 . 7 seconds ( s train rate 3 . 1 8 mm/min) . 
The mean force to �ra� ture the femur was 7 2 8  + 2 4 2 . 0  Newton . 
Dur ing the load appl ication , the marrow pres sure rose s l ightly 
( from 1 0 . 7  + 1 1 . 2  to 1 8 . 9  + 1 3 . 6  mm H g )  in most animal s .  
On the breaking point the marrow pres sure showed i n  four animals 
the e f fects of mechanical shaking with small pul s e  waves (max.  
va lues + 65  and - 75  mm Hg)  and in the other animals the marrow 
pres sure fell  more or less ins tant to zero or sub z ero without 
peak pre ssures . The mean of the maximal positive ( peak ) pressures 
was 2 5 . 4  + 2 0 . 4  mm Hg and of the maximal negative pre s sures 2 0 . 8  
± 2 8 . 0  mm-Hg ( see table I ) . 

TABLE I 

at rest + 

static load + 

breaking point + 

af ter breaking + 

BONE MARROW PRESSURE mm Hg 

STATI C  ( n= l O )  

1 0 . 7  + l l ,  2 
-

1 8 , 9  + 1 3 , 6  

2 5 . 4  + 2 0 . 4  I - 2 0 . 8  + 2 8 . 0 4 - -
7 . 5  + 1 1 .  3 -

After fracturin g ,  the marrow pre ssure rose in most cases again 
to positive value s .  Figure I shows an example of the bone marrow 
pres sure under static load . The arterial and venous blood pressures 
changed l i ttle during the experiments . 2 
I n  this group only few fat emboli were found ( 8 0 . 4  + 6 6 . 5  per cm ) .  

Dynamic group 

The f emur was fractured under dynamic three point load in ten rab
bi ts ( dynarnic I ) . The meantime o f  load appl ication was 0 . 1 5 6  + 
0 . 0 7 8  . second s .  The mean force to fracture the femur was 7 2 8  +

-
2 7 2 . 4  

Newton . 
Dur ing the appl ication o f  the force the bone marrow pres sure rose 
s l ightly from 1 9 . 6  + 1 5 . 8  to 28 ± 17 mm Hg ) in most animals as 
under static load . Ön the breaking point the marrow pressures 
showed the e f fects of mechanical shak ing in all animals with some
t imes high peak pres sures (max . values + 7 0 0  and - 1 1 3 8 mm Hg) . 

251 



FI GURE I 

a r t e r i a l  
b l o od p r e s s u r e  

h o n e  marrow 
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v e n o u s  
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r e s p i r a t i o n  

f o r c e  

STATIC LOAD 

b r e a k i n g  p o i n t  

-�-� - --- - --=l 
·- ---·--i 

The mean of the maximal pos i t ive peak pres sures was 2 4 9 . 1  ± 2 0 7 , 5  
mm Hg and o f  the maximal negative peak pres sure s 2 1 4 . 8  + 3 3 0 . 6  mm 
Hg.  After fracturing the marrow pres sure remained negative in most 
cases ( see Table I I )  . 

TABLE I I  
BONE PRESS URE mm HG 

DYNAMIC I (n=lO )  DYNAMIC II (n=8) 

at rest + 19 . 6  + 15 . .  a + 10 , 4  + 9 . 0 
- -

dynamic load + . 28 .0  + 17 . 0  + 1 1 . 2  + 9 . 4  
- -

breaking point + 249 . 1  + 207 . 5/-214 , 8  + 330 . 6  + ll5 . 4  + 4 8 . 9/-lll . 8  + 76 . 6  
- - - -

af ter breaki ng + 2 . 3  + 48 . 8  1 . 0  + 2 . 7  - -
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F IGURE I I  
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b r e a k i n g  p o i n t  

F igure I I  shows a n  example of the bone marrow pres s ure under dy
namic load . The arterial blood pressure showed a s l i ght fall in 
a l l  animal s  ( 1 1 . 6  + 8 . 6 )  with a maximum 4 to 1 0  s econds a fter 
fracturing , .but returned to baseline values in mos t  cases and 
sornetimes to higher values after 5 to 30 seconds . The venous b lood 
pres sure changed l i ttle during the experiments . 2 I n  this group fat emboli were nurnerous ( 5 34 . 2  + 6 7 4 . 8  per cm ) . 
The femur was fractured under dynarnic d irect cÖmpress ive load in 
e ight rabbits ( dynamic I I ) . The mean t ime of load application was 
0 . 1 5 9  + 0 . 0 4 second s .  The mean force was 7 3 4 . 8  + 9 8 . 5  Newton . The 
changes in bone marrow pres sure dur ing fracturing under dynarnic 
direct compress ion loads were as under dynarnic thre e  point loads , 
but the pulse waves were less force full ( +  1 1 5 . 4  ± 4 8 . 9 /- 1 1 1 . � ± 
7 6 . 6  mm Hg) . The nurnber of fat emboli was 6 0 . 5  ± 4 5 . 0 1  per cm . 

F igure I I I  shows the mean force , the rnean ( pos itive)  peak pres sure 
at breaking point and the mean f at ernboli count under static and 
dynarnic load . 
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F IGURE I I I  

Pulse wave group 

Twenty-six rabbits 

IMP emtv; 
N mmHg Am2 

1000 500 500 

500 250 250 

0 0 0 

were sub j ected 
the bone rnarrow. This group can be 

A 5 pulse waves o f  1 5  mm Hg ( n=3 ) 

B 5 pulse waves o f  1 5 0  mm Hg ( n= 3 )  

c 5 or 1 0  pulse wave s of 5 0 0  mm Hg 

STATIC OYNAMIC I OYNAMIC II CONTROL 

to standar i s ed pulse waves on 
divided a s  follows : 

( 2  X n=5 )  

D 5 or 1 0  pulse waves of 1 0 0 0  mm Hg ( 2  X n=5 ) . 

I n  subgroup A and B only few fat ernbol i  were found ( 2 3 . 3  ± 1 1  and 
1 2 6 . 6  · +  1 3 6 . 3  per crn2 ) .  The arterial and venous b lood pre s sure s 
rernained unchanged during the experirnents . 
I n  subgroup C few ernboli were found i f  5 pulse waves were given 
( 4 4 . 4  + 3 6 . 3  per crn2 ) ,  but with 10 pulse wave s fat ernbol i  were 
nurnerous ( 6 4 1 . 8  + 6 58 . 9  per crn2 ) in three anirnals . I n  the whole 
subgroup the arterial blood pres sure showed a sharp fall ( s ee 
f igUre IV) after 5 to 1 5  seconds after the first pulse wave , but 
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re turned to base l i ne values after 5 to 3 0  seconds . 
I n  subgroup D fat ernboli  were nurnerous when 5 pulse waves were 
g iven ( 2 8 5 7 . 6  + 5 7 4 . 7  per crn2 ) and when ten pulse waves were g iven 
the nurnber of Iat ernbol i was s t i l l  h i gher ( 4 4 7 5 . 6  ± 1 6 3 5 . 2  per crn2 ) 
All an irnals showed a sharp fall i n  arterial b lood pres sure ( see 
f igure IV) after 10 to 1 8 0 seconds after the first  pulse wave . 

FIGURE IV 

R R  500 R R  1000 
mmHg • = 5X mm Hg • =  5X 

150 O =  10X 150 o=10X 

i 1 • 0 � • • 
• • • • 100 0 � 0 100 8 

0 0 0 0 • 0 • • 
� 0 • 

� 0 0 
0 0 0 • • • 

50 0 50 
0 

• 
0 • • 

0 0 •eooo ttt'tt 
a b c a b c 

a - a t  re s t ;  b - 5 t o  1 5  s e c .  after pu l s e  w a v e ;  

c - after 6 0  s e c .  

Five animal s  d i ed , but i n  the other cases the arterial b lood pres
sures rose the basel i ne values after 1 to 9 rninutes . At  the rnornen t  that 
the arterial b lood pressure fell the venous blood pres sure rose in 
all anirnals and did not re turn to baseline values during the whole 
exper irnent ( one hour ) . Five anirnals suffered a respiratory arrest , 
but two started breathing again after sorne minutes .  All animals 
were cyanotic and the ir ear ve ins were d i lated . 
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F I GURE V 
MARROW PRESSURE AND FAT EMBOLI COUNT 

I M P  
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5 x = 5 p u l s e  w a v e s  

1 0  x = 1 0  pu l s e  wav e s  

10X 5 X  10X 
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DISCUSS ION 

Al though bone rnarrow pres sure had been rneasured in fractured lirnbs 
( Bloornentha l ,  1 9 5 2 ; Rhern,  1 9 5 7 ; We inberg , 1 9 7 3 } , the changes in 
bÖne rnarrow pres sure during fracturing under static and dynarnic 
load has never been inve stigated . This is probab ly partly due to 
certain concepts of the pathogenes i s  of fat emboli and partly to 
techn ical diff iculties of measuring the marrow pres sure during 
fracturing . Mos t  authors found a negative marrow pres sure in frac
tured bones , so that entry of fat embol i  in the b lood a fter frac
tures seemed to be unlikely.  

We were interested i n  the c hange s in bone marrow pres sure during 
fracturing . To produce standari sed fracture s under static and 
dynamic load i n v i vo we used f racture machines and we had no pro
blems in measuring the marrow pres sure dur ing fracturing . 

After fracturing under static load the marrow pre s sure f ell  quickly 
to zero or subzero and in some rabbits small  pulse waves were seen 
dur i ng frac turing.  I n  this group only few fat emboli were found . 
During fracturing under dynamic load , the marrow pressure always 
showed the effects of re lat ive ly forceful pu lse waves and in this 
group numerous fat ernboli were seen . The d i fference between the 
static and dynamic load groups are s ignificant (p � 0 . 0 5 ) . 

When a bone i s  loaded , energy will be stored in the bone during 
the de formation as elas tic strain energy , and energy will be 
diss ipated as plastic strain energy. When a bone break s ,  only 
the elastic s train is freed at once in the form of an explosion . 
Bone is visco elastic material and its mechanical properties are 
affected by the rate of de formation ( Evans , 1 9 7 3 ;  Re i l ly , 1 9 7 4 ;  
Carter , 1 9 7 8 ;  Park , 1 9 7 9 ) . With increasing rate of de formation 
the strength and stiffness increases , wµile the total strain be fore 
fai lure decreases (McElhany , 1 9 6 6 ;  Pan j abi , 1 9 7 3 ; Asang , 1 9 7 5 ; 
Evans , 1 9 7 3 ) . Not only the total strain decreases , but also the 
plastic strain decreases with increasing rate of de formation 
(Sedlin , 1 9 6 5 ; Currey , 1 9 7 5 ) . 

The important fact i s  that the total energy absorbing capacity 
also increases with increasing rate of de formation . 
D i f ferent authors found an increase of energy absorb ing capacity 
varyi ng from 4 5 %  to 5 0 0 %  by i ncreasing the rate of de formation . 
(Huelke , 1 9 6 7 ; Mather , 1 9 6 8 ; Sammarco , 1 9 7 1 ,  Pan j abi , 1 9 7 3 ) . 

This together with the decrease of the plastic strain must be the 
explanation for the fact that we found a more forceful explosion 
with f rac tur ing under dynamic load than under static load . When 
the f emur was f ractured under dynamic load the f orce of the ex
plos ions showed a wide variation , but there is a s i gn i f icant 
(p < 0 . 0 5 )  corre lation between the force of the explosion and the 

number of fat embo l i .  
However , we found less force ful explos ions and l e s s  fat emboli 
with fracturing under direct compres s ive dynami c load than under 
three point dynamic load . The explanation for this is that the 
bone is less strong and stif  f in a transverse direction than in a 
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longitudinal direction ( bone is  an anisotropic material ) .  

In the experiments with s tandar ised pulse waves on the marrow we 
measured the pressures neces sary for marrow de struc tion and e j ect
ion of i ts elements into the c irculation . With puls e  waves of about 
5 0 0  mm Hg repeated for a short duration ( 5  x )  few fat emboli were 
found.  When the se pulse waves were repeated 10 time s , fat emboli 
were numerous in three animals , suggestin g  that the critical factor 
in d isorgan i sation and e j ection of marrow e l ements is the duration 
of the applied forces � when they are of this magni tude . At higher 
pres sures ( 1 0 0 0  mm H g )  large numbers of fat emboli were always 
obtained .  H igh pressures of long durati on ( 1 0 x )  produced more 
emboli than short durati on ( 5  x )  pre ssure s .  The generation of fat 
ernboli is thus dependent on both , the strength and durat ion of the 
distorting forc e s .  Comb ination of the data of the fracture experi
rnents and the experiments with the pulse waves shows that embolisa
t ion of bone marrow occurs at the moment of fracture , but not during 
loading when bone marrow pres sure rises l i ttle . 
The di agrams of the bone marrow pre ssure and force sugge st that 
the rise during load ing i s  not the result of compress ion of the 
bone marrow . The mechanism i ncreasing the bone marrow pres sure 
during load ing is probably of neurological origin . 
Extraprolation o f  our animal data to humans suggests that the 
inherent s tres ses  produced by relative ly low strain rat�, produce 
explosions at the t ime of fracture which are suf ficient to release 
fat emboli i nto the circulation . The mechanical properties o f  human 
tibiae and femura are such that the explosion forces in low strain 
rate fracture will  be much greater than in rabb i ts . These emboli 
are rare ly sufficient in number to produce c linical symptoms . On 
the otherhaBd in h igh strain rate fractures large numbers of fat 
emboli can be produced to give the c l inical syndrome of fat em
bolisation . 

Published evidence shows a pos i tive corre lat ion between the strain 
rate and the presence of fracture comminution ( Huelke , 1 9 6 7 ;  
Cooke , 1 9 6 9 ;  Brook s , 1 9 7 0 ; Stalnaker , 1 9 7 6 ) . Our exper iments showed 
a similar corre lation between strain rate and explosion force . 
I t  seems reasonable to equate comminution with explosion force . 
Thus rad iographi c  evidence o f  fracture comminution should alert 
the radiologist to the possibil ity of fat embol ism,  part icularly 
if there are other c l inical and radiological signs present . 
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