The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



An investigation into the intramedullary pressure rise

during femoral nailing: Does the level and type of

fracture determine peak pressures during the

procedure?

Dr. Graham McCollum

Supervisor: Dr Nicholas Kruger

Master of Medicine in

Orthopaedic Surgery

Faculty of Health Science
Department of Orthopaedics

University of Cape Town



TABLE OF CONTENTS

DECLARATION: sesassssssssssssesssnnssssssnassssssansssasssnssstsssassissrnnssssors 2
INTRODUCTION AND AIM........ 3
ETHICS APPROVAL, PROTOCOL., PRO FORMA AND CONSENT FORM...5
LITERATURE REVIEW. .. uutieuiiieiisanioosiosusosusssosssnsosssosssssnssanssssssssasss 13

MATERIALS AND METHODS 22
RESULTS 29
DISCUSSION 40
SUMMARY 45

REFERENCES 46




Declaration:

I, Dr. Graham Antony McCollum state that this is my original work for the degree
Master of Medicine in Orthopaedic surgery.

The study was conducted in Groote Schuur Hospital from January 2010 till July 2010.

My supervisor is Dr. Nicholas Kruger from the department of Orthopaedic Surgery
Groote Schuur hospital.

Signed. Signed by candidate AtC';r-sz\—‘ S W

Date: U——§\ \\\zc’\l




Introduction and aim

First introduced by Kiintshner, ' femoral nailing has become the ‘Gold Standard ‘of
treatment for femur fractures. The efficacy and benefit of early osteosynthesis by this
technique is well established.” Some of the acute complications of intramedullary
manipulation and nailing are fat embolism syndrome, pulmonary dysfunction and
Adult Respiratory Distress Syndrome (ARDS)'-**. One of the causes of fat embolism
is a raised intramedullary pressure. Investigators have shown the direct correlation of
intramedullary pressure with fat intravesation and embolism in both animal ? and

human studies®’.

Fat embolism syndrome is unpredictable and the true incidence is unknown. Mortality
from fat embolism syndrome ranges from 10-35%.°The incidence is increased with

associated pulmonary trauma and in the multiply injured patient. *

The aim of our study was to investigate the intramedullary pressure rise during
reamed prograde femoral nailing and determine whether fracture level and complexity
affect the peak pressures. The relevance is that certain fracture types or levels that
result in the highest pressures can be identified before the operation. Measures could
be taken to reduce the intramedullary pressure during the procedure, particularly in

those patients at greatest risk of pulmonary complications from fat embolism.

We hypothesised that more proximal, simple fractures generate higher pressures
during nailing because there is a long ‘closed tube’ distal to the fracture. Pressure

proximal to the fracture does not reach the same high levels because the intra-



medullary content is able to decompress through the fracture as the reamer moves
distally. With proximal fractures there is a greater volume of medullary content distal
to the fracture which can enter the venous system and embolize. Fracture
comminution and complexity should lead to lower intramedullary pressures because
there is a greater length of the femur through which the intramedullary content can
decompress. The study sought to answer the question of whether fracture level makes
a difference with respect to the intramedullary pressure rise during reamed prograde
nailing.

The results of this study have not been submitted for publication at the time of

submission of these results for the thesis.
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Informed consent for the measurement of the intramedullary
pressure of the femur during nailing.

I hereby confirm that I have been informed about the nature, conduct, benefits and
risks of participation in this trial. There may be a risk of infection or a slightly larger
scar down the leg.

I am aware that the results of the trial, including personal details regarding my age,
date of birth, initials and diagnosis will be anonymously processed into a trial report.

I may, without prejudice, withdraw my consent and participation in the study at any

time. 1 have had sufficient opportunity to ask questions and (of my own free will)
declare myself prepared to participate in the trial.

Patient’s name

Patient’s signature Date

Witness’s name

Witness’s signature Date

I Dr hereby confirm that the above patient has been
informed fully about the nature, conduct and risks of the trial.

Doctor’s name

Doctor’s signature Date




Patient information sheet

To stabilise your fractured femur we have to place a titanium metal nail within the
femur. During the procedure the pressure within the hollow part of the femur in which
the nail will be seated can rise. This rise in pressure can lead to fat being dispersed
through the circulation to your lungs. Sometimes this fat in the circulation can lead to
the lungs not functioning properly and pneumonia- like condition. The pressure in the
femoral canal is not normally monitored during the routine operation. In the study
we’re asking you to partake in, we are going to assess the femoral canal pressure and
see if certain fracture patterns lead to a greater or lesser pressure increase during the
operation. It may benefit you in that the anaesthetist will know what the rise in
pressure is and be ready for any complications thereof. Through a small incision we
will drill a 4.5 mm hole and place a pressure monitoring device in the bone for the
duration of the procedure. The same incision and drill hole will be used for the
standard screws used to lock the nail. The perceived risk of this added procedure is
small but may include infection and maybe a slightly larger scar at the bottom of the
leg which we’d normally make. Other similar studies have shown no complications
with this way of measuring the pressure. By partaking in this study you will help us to
determine which patients are most at risk of one of the serious complications of this
procedure. If you do not wish to participate in the study you will receive normal
surgical treatment of your fracture and you will not jeopardise your after care. You
may withdraw at any time. Should there be any research related complications or
injury you will be covered by the UCT No Fault Insurance policy. This entitles you to
prompt medical care and financial compensation thereof. Any concerns about your
rights and welfare during the trial can be directed to Professor

Marc Blockman (021 4066338), Chairperson of the Human Research Ethics Committee.



Pro forma:

Surgeon:

Patient:

Age:

Sex: M

Mechanism of
etc)

F

injury

Femoral pressure study.

Date:

(MVA

Fall,

Date of trauma:

Side:
Right

Bilateral

Associated

Left

injuries:

Admission Vital signs:



Blood pressure
Pulse
Oxygen saturation

Fracture pattern:

Simple transverse [ ]
Spiral/oblique ]
Segmental ]
Comminuted []
Compound ]

Level of fracture:

Proximal 1/3
Middle 1/3
Distal 1/3

L OO




Intra-operative measurements:

Vital signs at induction.
Blood pressure
Pulse

Oxygen saturation

Implant:

Intramedullary pressure:

After insertion of the manometer
mmHg

Awl/drilled wire entry

mmHg

Entry reamer
mmHg

First ream proximal to fracture site

First ream distal to fracture site
mmHg

Passing the nail proximal
mmHg

Passing the nail distal
mmHg
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Vital signs at completion of nailing.
Blood pressure
Pulse

Oxygen saturation

Post operative course:

Complications:
Intra

operative

Postoperative
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Out-patient follow up:

Complications:

Union time
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Literature review

Objectives:

Despite the proven efficacy of treating femur fractures with intramedullary devices,
there are complications and concerns regarding the procedure. This literature review
sought to outline current knowledge and some of the problems associated with
intramedullary nailing. The review also looked specifically at research into the effects
and contributing factors raised intramedullary pressures may have during femoral
nailing. Another objective was to assess if other researchers had investigated the
relationship of fracture level and comminution with intramedullary pressure rise as

this formed the main theory for our research.

Review

Since Kiintscher* introduced femoral nailing it has become the standard of care for
femur fractures with predictably good results.>® The popularity of intramedullary
fixation grew through the 1950’s but authors’, including Kiintscher®, noted the effect
intramedullary nailing and reaming has on the intramedullary pressure and the
possibility of pulmonary complications from embolization of intramedullary content.
Kiintscher never measured the pressures himself, but calculated the fat volume that is
displaced by the reamer and nail and predicted that the pressure must rise significantly
more than systolic blood pressure. This led investigators to seek the contributing

factors to fat embolism and pulmonary dysfunction.
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‘Fat embolism’ describes the presence of fat globules in the lung parenchyma or
peripheral circulation following long bonc fracture or other major trauma. Fat
embolism syndrome (FES) and Adult Respiratory Distress Syndrome (ARDS) are
serious complication. The true incidence of FES following single long bone fractures
is unknown, but estimated to be 0.5-2%.’

Embolization of fat and medullary content affects pulmonary function by altering
pulmonary vascular tone and by initiating inflammation in lung parenchyma.'®
Increased vascular resistance alters right heart function and the inflammation of lung
parenchyma can lead to Adult respiratory distress syndrome (ARDS) and poor gas
exchange.!' Activation of inflammatory cytokines and the coagulation system by
intramedullary content and fat contributes to lung dysfunction.'* The amount of
embolic material correlates with the serum levels of the inflammatory cytokines
Interleukins 6 and 8. The emboli are structurally mixed, with a central nucleus of
bone marrow and fat surrounded by thrombosed material, confirmed histologically
and by trans-oesophageal echocardiography.’® The amount and content of embolic
material correlated with increases in the intramedullary pressure in a clinical and in an
animal study''. Wenda '' showed that as intramedullary pressure increased to
50mmHg above starting pressure a ‘snow storm flurry’ of small emboli with no
physiological consequences was observed, but when the intramedullary pressure
reached 200mmHg, emboli ranging from 1-4cm were detected on trans- oesophageal
echocardiography with associated pulmonary dysfunction. When intramedullary
pressures reached 600mmHg, a dense contrast was evident in the inferior vena cava.
The majority of patients can tolerate the transient pulmonary and cardiovascular
effects of fat embolism but those who have sustained pulmonary trauma, are poly-

traumatised and shocked and those with poor cardio respiratory reserve may not.'”
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Manipulation of the medullary canal leads to changes in intramedullary pressures.
Subtle manocuvres such as inserting a guide wire or manipulating a fracture may
increase this pressure.'® Animal, cadaver and clinical studies have shown significant
intramedullary pressure rises during reaming of long bones. Pape et al'” showed that
pressure in the fractured femur can reach 830mmHg during the first ream in a clinical
study. Pressures of up to 1200mmHg have been recorded in animal studies and in

. 1
intact human femora'®.

These studies have the following similar findings; 1. The highest pressures are
achieved during the initial ream; thereafter pressures do not reach this level during
subsequent reaming. 2 The maximal pressure is achieved distally after the reamer
crosses the fracture site. 3. Insertion of the nail following reaming does not lead to
great pressure rises in the previously reamed femur. 4. Location and type of fracture

appear to affect pressure, but no clinical data exists to support this. "

The femoral medullary cavity has a normal physiological positive pressure of 30-
60mmHg? in man. This is influenced by systemic blood pressure, respiration, and
local factors. Under normal physiological conditions, there is a centripetal direction of
blood flow within the canal *' and a pulse dependent positive pressure. The nutrient
artery together with the metaphyseal and periosteal perforating vessels generate the
positive pressure and blood flow. Venous channels and sinusoids pool blood and
communicate with a central venous channel which has a metaphyseal outflow.”?
Pressures of up to 65mmHg in the intact femurs of man have been measured by other

authors.” Rehm?*showed that pressures in a fractured mid shaft humerus were lower
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than in an intact humerus which indicates that a fracture may decompress or alter the
medullary pressure. For intravesation and embolisation to occur, this intramedullary
pressure must be surpassed by reaming or nailing. A reversal of blood flow from a
centripetal to centrifugal direction occurs when the pressure increases, favouring

embolization.”

Reaming destroys the endosteal circulation affecting both the arterioles and venous
sinusoids. The periosteal blood supply only reaches the outer third of the cortex and
the inner two thirds are supplied by the endosteal system. *° Histological examination
of the reamed cortex of rabbits revealed cortical vessels clogged with medullary fat
and proximal thrombosis. Raised intramedullary pressure forces the fat into the
vessels and further compromises perfusion. Bone perfusion is reduced but returns to
pre-reaming levels at three months.”” This does not seem to affect time to union or
fracture callus quantity and quality when comparing reamed with non reamed
fractured tibias in a sheep model. ** Reaming leads to intravesation of fat and
intramedullary content because of the high medullary pressures generated and because
disruption of the venous sinusoids allows easier entry of medullary content into the

venous system.29

The earliest techniques of intramedullary osteosynthesis relied on an endosteal press
fit to gain rotational and axial stability. Reaming, introduced in the 1950’s, allowed
expansion of the canal, facilitating a better endosteal press fit and greater nail
diameter for added strength. Proximal and distal locking options and the introduction
of stronger materials has lead to debate over the benefits and detrimental effects of

reaming the canal as it is not necessary in all cases.’® Consensus that the greatest
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pressures are achieved during the first ream is universal but the timing of
embolization is not. Wozasec *' in a study on sheep’s tibias showed with
echocardiography and pressurc monitoring that the greatest pressure increase was
during the first ream, but that the greatest embolization occurred during nail insertion
after the reaming. Kropfl**** compared reamed with unreamed nailing and showed
higher intramedullary pressures in the former and increased embolization associated

with these higher pressures.

The generation of intramedullary pressure follows hydraulic principles with the
medullary cavity acting as a piston sleeve and the reamer as a piston. The pressure
development is dependent on how much of the content can escape past the reamer or
out of the closed system and the force applied to the reamer. Stiirmer ** illustrated
with the gap equation that the factors affecting pressure are the flow rate, diameter of
reamer, gap between reamer and cortex, pressure difference, length of reamer,
dynamic viscosity and eccentricity. If content can escape from the system, such as
through a fracture, or past the reamer, the canal will decompress and lower the

pressures.

There is a high morbidity and mortality to nailing impending fractures from
pathological lesions in the femur. The risk of serious life threatening pulmonary
complications occurs in up to 33% of cases receiving a prophylactic nail.*® Reaming
an un-fractured femur results in very high intramedullary pressures.”” The high
mortality is multi factorial and embolization is enhanced by the vascular nature of the
tumours and the poor physiological reserve of these particular patients.>? Venting of

the canal by drilling through the distal femoral cortex was shown to decrease the
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intramedullary pressure®® in a cadaver model but not in a clinical setting. In a very
proximal femur fracture, reaming distal to the fracture may have a similar effect to

prophylactic nailing and reaming with a long closed tube distally.

Stiirmer * showed that the pressures increase as the reamer crosses the fracture site
and that the canal acts as a closed tube distally with little escape of medullary content
retrograde out of the fracture. The grooves in the first reamer fill with bone debris and
it acts like a piston allowing little content to escape retrograde past it. The first ream
generates the greatest pressure with reduction in pressure during subsequent reaming.
Stiirmer ° demonstrated decreasing pressures with subsequent reaming until the
13mm reamer is introduced. This causes another rise in intramedullary pressure but
significantly less than the peak pressures of the first ream. Intramedullary content
after the first ream has a different viscosity to native medullary fat. > The fat is
disrupted and becomes more blood filled and less fat filled. The gap equation explains
that the pressure will be lower if the content is less viscous.

Johnston et al *” in a cadaver model looked at the correlation of applied axial load
with intramedullary pressure during reaming with two different reamers. Peak
pressures in the intact femora ranged from 270-1500 mmHg. Pressures were measured
at two points in the femur and were found to be constantly similar indicating that
pressures are uniform throughout the closed tube and follow hydraulic principles.
There was no correlation of the axial force load with intramedullary pressure. This
was attributed to the additional friction force of cutting or clutter of the reamer on the
cortex dissipating the axial load to the cortex and not distally to the intramedullary

content.
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Heat generation is another cffect of reaming. Friction from the reamer bone contact
can generate temperatures of up to 44°C in a cadaver femur model with a baseline
temperature of 37°C maintained in a water bath.”® Temperature was significantly
higher with blunt reamers compared to sharp reamers and the larger the reamer, the
greater the cortical temperature. This study confirmed that the greatest intramedullary
pressure occurs during the first ream down the canal with a large reduction in pressure
during subsequent reaming. Heat induced osteonecrosis is a product of heat exposure
over time. Erikson et al ** In a rabbit model showed morphological evidence of
ostenecrosis after exposure to 47°C for one minute. In a human bone compromised by

severe trauma, periosteal stripping or infection, this threshold may be lower.

For many of these reasons, investigators have sought ways of reducing the detrimental
effects of reaming and nailing. Kiintscher ' noted the problems of pressurising the
canal and suggested that reaming and nailing be undertaken in a controlled manner
with significant pressure and mallet strikes to be avoided. Danckwardt-Lilliestrsm*
showed in a sheep tibia model that the intramedullary pressure was lower after the
medullary content had been suctioned prior to reaming and that there were no
pulmonary complications after this. In the non suction group, significant pulmonary
complications and four deaths from fat embolism syndrome occurred. They proposed
that the canal should be evacuated and flushed before nailing. Stiirmer ' introduced
suction irrigation reaming in a sheep model. This study demonstrated the pressure
lowering effect proximal suction and irrigation had on reaming. Less bone necrosis
was observed histologically in the suction irrigation group. There was less reamer
clogging with debris and cortical temperature was lowered by the intervention. Schult

et al *'developed the Rinsing-Suction-Reamer (RSR), a device to perform paracortical
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irrigation and suction concomitantly. Animal studies showed lowered fat embolization
and significant reduction in intramecdullary pressure. These results were never
confirmed in human studies but it set the principles for further reamer designs to help
lower pressures. Another development was the Reamer Irrigation Aspiration system
(RIA*. Ina single pass it provides both aspiration and irrigation. The principle is
similar to the RSR but does not rely on paracortical irrigation. In a clinical trial
comparing RIA to conventional reaming,* RIA significantly reduced the amount of

fat emboli reaching the lungs determined using Trans-oesophageal echocardiography.

Venting the canal by opening a small window in the cortex has been shown to reduce
pressures and the amount of fat embolized during hip arthroplasty. ** There is debate
that drilling a 4.5mm hole through the cortex will not be enough to decompress the
contents of an entire femoral canal and the hole becomes clogged with medullary
debris and prevents venting.'* Martin et al*’ reduced the canal pressures by 90% using
proximal and distal venting holes in a cadaver model. Although this was a cadaver
study, every attempt was made to simulate the clinical setting.

To summarise the review, investigators have looked at many of the detrimental effects
of intramedullary nailing and reaming. There is consensus in the literature that
reaming causes the greatest pressure rise during the procedure and the embolization of
intramedullary content is proportional to the pressure increase. Once the reamer has
passed once, the intramedullary content viscosity is altered and the pressures do not
reach the same levels as the firs ream. The advantages of reaming are to ensure a
better fit of the nail in the canal and the use of larger diameter nails for strength
during healing. Reaming may increase the embolic shower by raising the pressure and

by disrupting the venous sinusoids causing easier intravesation. The exact timing of
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fat embolism is controversial with some studies showing cvidence that reaming
causes the greatest increase and some that show nail introduction as the cause of
maximal fat embolism.

ARDS and Fat Embolism Syndrome have multifactorial aectiologies, but animal,
human and post-mortem studies have shown embolic material in lung parenchyma
following intramedullary manipulation. Trans-eosophageal echo has demonstrated the
emboli and this seems to result in more respiratory complications. The insult in
compromised or injured lung tissue is less well tolerated.

The piston like effect of reaming has been well demonstrated and nailing of
impending pathological fractures confirms the results of running a piston down a
closed tube: If the content cannot escape, it will embolize. This lends weight to our
hypothesis that simple proximal fractures generate high pressures when the reamer
passes distal to the fracture site. Although the piston model means the greater force
applied, the greater the pressure, but one study mentioned that this may not be the
case due to the friction of the reamer with the cortex during advancement. This helps
to nullify the fact that in our study the bias of having multiple surgeons may not be
that significant.

Recent research has concentrated on pressure lowering measures during reaming.
Venting, canal suction and Rinsing, Irrigation Aspiration reaming has been shown to

reduce the pressures as well as reduce fat embolization.

To our knowledge there have been no other clinical studies comparing fracture level

and type with intramedullary pressure.
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Materials and methods

The study was approved by the research committee at the University of Cape Town
(REC 399/2009).

In this prospective, non-randomised study, paticnts admitted to the Groote Schuur
Hospital Trauma unit with femur fractures requiring pro-grade intramedullary nails
were enrolled. Consent to participate following explanation and a patient information
sheet was obtained in all cases. Patients with reduced levels of consciousness,
haemodynamically unstable patients, intoxicated patients and minors were not
included. Fractures requiring alternative fixation such as retrograde nails or plating
were not included in the study. The fractures were all immobilised in a Thomas splint,
and the patients stabilized prior to operative fixation. The patients were scored
according to the injury severity score and the fractures classified according to

Arbeitsgemeinshaft fur Osteosynthesefragen (AO)*® classification system.

Comminution was defined as there being more than three fragments, a fracture
extending over 4cm or more or with proximal or distal splits longer than 4 cm. The
femurs were measured from the tip of the trochanter to the intercondylar notch and
divided into thirds accurately. Each fracture was grouped according to where the

major part of the fracture occurred on the femur.

At operation the femur fracture was addressed first where other injuries needing
operative fixation existed. The patient’s blood pressure, oxygen saturation and pulse

rate were noted and measured continuously.
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Prior to commencing the study we had welded T handles and connections for a fluid
o . . . N ; .

filled line to a Smith and Nephew ™ 6.4mm cannulated screw with an inner
cannulated diameter of 3mm. (Figure 4). They were used for all cases and sterilised

after cach use. The cannulated part of the screw was tested to be air and water tight.

Figure 1

Prior to the nailing procedure, under sterile operative conditions, a 4.5mm hole was
drilled 3 cm proximal to the superior pole of the patella through the anterolateral
cortex of the distal femoral metaphysis through a single stab skin incision. The screw
was inserted just through the outer cortex and not into the canal, avoiding obstruction
of the nailing procedure (Figure 5). The cannulated part of the screw was cleared of
debris with a guide wire and flushed. A fluid filled line was connected to the
connector part of the cannulated screw (Figure 6). Air bubbles were removed from the
system and the fluid filled line connected to a pressure transducer (Data Tech
Ohmeda, cardiocap 5. Lewisville USA 2003) and a pressurised fluid bag via a three
way tap. The manometer was calibrated in the same manner as used for setting an

arterial line with opening of the pressurised fluid bad to the circuit. When a base line

o
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positive pressure was visible on the monitor, no obstruction to the circuit was

confirmed and the procedure commenced.




In Group B and C fractures (middle and distal 1/3) we could measure the pressure
proximal to the fracture. A cannulated screw was placed five centimetres proximal to
the fracture (Figure 7) and connected to a separate fluid filled line and manometer in

the same way as the distal circuit (Figure 8).

Figure 4

It was not possible to measure the pressures proximal to the fractures in Group A
(Proximal 1/3 fractures). All in this group had fracture extension into or very close to
the intertrochanteric region and it was not possible to insert a cannula into the canal

proximal to this.




Figure 5

The pressure transducers measured the pressures continuously throughout the
procedure. The data, together with the patient’s heart rate, oxygen saturation and
intermittent blood pressure recordings were transmitted from the manometer to a
personal computer via USB connection. We used Datatex- Ohmeda- Trendnet S/5™
software for management and storage of data enabling reference point marking at

various times and easy study of the data after the procedure (Figures 9 and 10).




Figure 7

Pressures were continuously recorded and reference points marked:

I. Entry guide wire

r2

. Opening of canal with entry reamer.
3. First ream down the shaft with the 9.5mm cutting rcamer.
3. Second ream down the shaft.

4. Scating of the nail.

]

. Resting pressure 2 minutes after the procedure.

Four different registrars performed the procedures with one of the investigators
always present at the surgery.

All femurs received a reamed long Smith and Nephew ™ Trigen nail and reaming was
performed with exactly the same reamer set in all cases. All Group A. (Proximal 1/3)
femurs received cephalomedullary proximal locking into the femoral head. Nailing
was performed on a traction table with fluoroscopy. Reaming was performed in a
controlled manner without much distal pressure exerted by the surgeon. Fluoroscopy

identified where the reamer was in relation to the fracture. Reaming commenced with
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the 9.5mm cutting reamer and continued in 0.5mm increments to 1.5mm greater than
the nail used..

The cannulated pressure measuring screws were removed after the nail was seated and
the last pressure reading recorded. Where possible, the same stab incision was used
for one of the distal locking screws. The patients were followed up in the ward until

discharge and in the out-patient department until fracture union.

The Mann-Whitney U test was used for group comparison and the student T test for
independent variables with a p value of 0.05 or less being statistically significant.
Results are expressed as mean, range and standard deviation of the mean. The unit for
pressure used was mmHg. The peak pressure was rounded to the nearest multiple of

five by the software programme.
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Results

There were no fractures, infections or soft tissue complications related to or as a result
of the study. The mean time to union was 11.5 weeks (8-14) as determined by cortical
lines across the fracture site. There were no cases of fat embolism syndrome or Adult
Respiratory Distress Syndrome in this cohort but the patients had low injury severity
scores and there were no associate pulmonary injuries. The mean time to surgery from
the time of fracture was 12 hrs (6-22).

There were 22 femur fractures in 21 patients, The mechanisms of injury are illustrated

in figure 1.
Figure 1
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Injury severity scores were low due to the fact that the patients had to be lucent and
stable to sign consent and understand the study. Mean score 12 (6-18).
Each fracture was classified according to the Arbeitsgemeinshaft fur

Osteosynthesefragen (AO)* classification system. Figure2.
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Figure 9

AO n=
GroupA (Prox 1/3)

31A1 3
32A2 3
32B2 4
32C3 2

GroupB( Middle 1/3)

32A1 1
32B2 2
32A2 3

Group C(distal 1/3)

32B1 2
33A1 1
33A2 1

The patient with bilateral femur fractures was systemically stable and had no other
injuries following a motor vehicle accident. There were no contraindications to

bilateral reamed intramedullary nails and the patient was enrolled in the study.

There were 12 proximal 1/3 fractures (Group A), 6 middle 1/3 fractures (Group B)

and 4 distal 1/3 fractures (Group C). Figure 3
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Figure 10

Group A. Proximal 1/3 n=12

Group B. Middle 1/3 n=6

Group C. Distal 1/3 n=

Associated injuries included 2 multi ligamentous knee injuries, 2 tibial fractures, 1
distal radius fracture and one midshaft humerus fracture. Of the 21 patients, 14 were

male and 7 female. The mean age was 28yrs (18-77yrs). There was one open fracture.

The mean intramedullary pressure measured distally at the start of the procedure
varied from fracture level to fracture level.

Of the 22 femur fractures, 10 had 11.5 mm diameter nails and 12 received 10 mm
nails

Group A fractures, 52.5mmHg (65-45) +-5.9, Group B fractures 36.6mmHg (35-40)
+-2.5 and Group C 27.5mmHg (25-35) +-7.5 (Figure 11). A pulsatile quality was
noted, corresponding with heart rate and pulse pressure. The mean systolic blood
pressure was 120mmHg (145-110). The intramedullary pressure fluctuated with
systolic blood pressure. The systemic blood pressures were not significantly different
between the groups and there were no fluctuations greater than 15mmHg during the

procedures.
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Figure 11

Mean Starting pressures
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Comparing the groups, there was a significant difference in the starting pressures of
group A with group B and group C combined (p<0.05) and with group A and group B
and group A with group C individually (p<0.05). There was no significant difference
in pressure comparing group B with group C (p=0.1)

The greatest mean intramedullary pressure was generated during the first ream down
the shaft in groups A and B. This occurred distal to the fracture in all cases. In Group
C, the first ream generated pressures similar to that of seating the nail but higher than

the second ream (Figures12, 13, 14).
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Table 1, 2 and 3 illustrate the pressure recordings measured distal to the fracture in

groups A, B and C respectively.

Group A pressures- distal measurement

Table 1
Entry canal Ream Ream End

Pt | Start | wire [0 open |0 |1 0 2 0 Nail | pressure
1 |45 50 45 100 | 35| 390 45 180 45 185 | 45
2 |50 70 50 105 | 45 | 300 35 140 25 130 | 35
3 |50 60 50 120 | 55 | 420 50 120 35 165 | 40
4 |55 70 55 130 | 50 | 300 35 100 50 170 | 50
5 |65 70 65 155 | 60 | 320 55 120 45 150 | 50
6 |50 65 50 180 | 55 | 390 35 145 35 145 | 35
7 |60 70 60 135 | 55| 410 50 170 30 160 | 35
8 |55 65 55 145 | 45 | 350 35 180 45 150 | 45
9 [50 60 50 150 | 45 | 340 30 180 25 155 | 35
10 | 55 -] 55 1565 | 50 | 430 a5 160 35 160 | 35
11 | 50 55 50 120 | 45 | 345 45 165 25 170 | 35
12 | 45 60 45 160 | 40 | 370 40 160 30 150 | 40

525 |64.2 | 525|138 |48 | 363.8 | 40.8 | 152 35.4 | 158 | 40




Group B- distal measurement

Table 2

Entry canal Ream Ream End
Pt | Start { wire [0 open [0 |1 0 2 0 Nail | pressure

35 50 35 145 30 | 200 30 | 140 25 120 [ 30
40 40 40 140 35 | 160 35 | 130 35 125 [ 35
35 40 25 35 25 1170 30 | 120 35 115 [ 40
40 60 35 50 20 | 160 20 | 130 40 100 | 35
35 45 30 |40 30 1 175 35 [ 135 30 90 |45
35 55 35 50 25180 30 [ 110 30 105 | 40
36.7 | 48.3 | 33.3 1433 |28 | 1742 | 30 | 128 3251109 | 37.5

DO |B(WIN|=

Group C- distal measurement

Table 3
Entry canal Ream Ream End
Pt | Start | wire | 0 open [0 |1 0 2 0 Nail | pressure
1125 30 25 130 25100 25 190 20 110 | 25
2 |25 30 25 |35 251110 20 100 30 100 | 30
3 125 35 20 140 20 [ 90 20 |95 25 |85 |25
4 |35 45 35 |45 35|95 25 [90 30 |90 |35
275 |35 263|375 [26]98.75 | 225 | 94 26.3 196.3 | 28.8

Tables 4 and 5 illustrate the pressure recordings measured proximal to the fracture in

groups B and C.

Group B. Proximal to fracture

Table 4
Entry canal Ream Ream End
Pt | Start | wire |0 open [0 |1 0 2 0 Nail | pressure
1 140 50 30 50 30 | 60 25 50 30 | 135 | 45
2 145 45 35 55 35 [ 65 20 60 35 | 120 | 40
3 [30 30 40 60 40170 25 55 25 1110 | 35
4 140 40 35 50 40175 30 60 35 | 115 135
5 [30 45 25 45 25 | 60 25 55 20 1100 | 25
| 6 |45 35 35 50 35[75 30 60 35 195 (35
| 38.3 [ 408 [333 (517 |34 675 |258]|57 30 | 113 [ 358
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Group C. Proximal to fracture

Table 5
Entry canal Ream Ream End
Pt | Start | wire |0 open |0 |1 0 2 0 Nail | pressure
1 120 35 20 | 40 30|75 25 | 65 25 |80 |30
2 (30 40 30 | 45 35| 80 20 | 55 25 |90 (30
3 |30 40 25 | 50 30 |90 30 | 60 35 |80 [35
4 |45 50 45 | 50 45 | 85 25 | 65 25 |95 [35
313 [413 [30 |463 |35(825 [25 |59 27.5 [ 86.3 | 325

In Groups B and C combined, the pressure distal to the fracture was significantly
higher than the pressure measured proximal to the fracture during the first ream:

63.8mmHg (55-75) +-9.6 vs. 142.7mmHg (95-190) +-40.4 p<0.05. (Figure 15)

Figure 15
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Figures 15 and 16 illustrate the difference in proximal and distal pressures in Group B

and C individually.

Figure 16
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The peak pressures during the first ream proximal to the fracture in Group B and C
were not significantly different: 51.1mmHg (45-60) +-6.8 vs. 46.25mmHg (45-50) +-
6.4 p=0.74.

The mean peak pressure during the first ream distal to the fracture was significantly
different between the groups. In group A 363.5mmHg (300-420) +-45 in Group B
174.67TmmHg (160-200) +-15 and group C 98.75mmHg (90-100) +-8.5. There was a
statistically significant difference in pressure comparing group A with B and C

combined (p<0.01) as well as Group A with B (P<0.05) and C (p<0.05) individually.

This graph illustrates the difference in mean peak pressures measured distally in

groups A, B and C during the entire nailing procedure. (Figure 18)

Figure 18
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The greatest peak pressure was 420mmHg in group A. Three patients desaturated to
an oxygen saturation of less than 90% on pulse oxymetry. All three patients had
unilateral fractures in group A. The desaturation occurred 30 sec to 1 minute after the
first ream in all cases and peak pressures of 420mmHg, 400mmHg and 380mmHg

were recorded in these cases. The period of desaturation was transient in all three
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cases, lasting between one and two minutes. All had an associated tachycardia greater
than 120 beats per minute but remained normotensive. Formal 12 lead ECG was not
done at the time. None of these patients deteriorated to a Fat Embolism Syndrome or
ARDS. No patient with fractures in Group B or C had periods of desaturation. The
patient with bilateral femur fractures was not in group A. Both of the fractures were
middle 1/3 and thus in group B

Peak pressures during the second ream with the next sized reamer were significantly
lower than the first ream. Insertion of the nail lead to pressures peaks similar to the
second ream, significantly less than the first ream of the canal. ( Figure 18).

Fracture site Comminution lead to lower intramedullary pressures. In Group A. 6
fractures were judged to be comminuted and 6 non-comminuted. The mean peak
pressures in these groups were 398mmHg (420-370) in the non comminuted group
and 329mmHg (300-350) in the comminuted group. This was a statistically significant
difference. p<0.05. Comminuted fractures in Group B and Group C did not have a

significantly different peak pressure to non-comminuted fractures.
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Discussion

Despite the advantages of intramedullary osteosynthesis there are complications and
physiological consequences to the procedure.

1 ' said that intramedullary pressure during reaming was likely to be higher

Pape et.a
in more proximal, less comminuted fractures and increase as the reamer passed the
fracture site, although there was no clinical evidence for this. Manning® illustrated in
a dog model how intramedullary content can escape through the fracture site and lead
to lower pressures with less embolization. Our hypothesis was based on the venting
effect of the fracture on intramedullary content and pressure. To our knowledge, no
previous clinical study has compared the intramedullary pressure rise with fracture
level and complexity. By undertaking a clinical study, the errors, or false comparisons
of cadaver or animal models to the in vivo situation are eliminated.

Reaming rate and pressure exerted were not controlled. This is one of the major
weaknesses of this study. Four different registrars performed the procedures. The
investigator present at the procedure emphasised to the surgeon not to exert excessive
force on the reamer and let it find its own way down the canal. This is a lack of
control to the study that may have lead to errors in our results. Johnston et al 3 found
no correlation between applied axial load on the reamer and the pressure in the distal
canal. This contradicts the hydraulic principles thought to be followed during canal
reaming. Their explanation for the finding was that the total axial force should include
the frictional or cutting force of the reamer on the endosteal surface. If there is more
contact with the reamer and the cortex, more force will not necessarily convert to
greater distal pressure. Having multiple surgeons perform the procedures also mirrors

the clinical setting more closely.
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An interesting finding was the difference in starting, or baselinc intramedullary
pressures. Group A pressures were significantly higher than in group B and C. Rehm
*! noted the difference in intramedullary pressures of fractured and intact humeri. The
predominant reason for a positive intramedullary pressure is the direction of blood
flow and the nutrient artery.'™ The artery enters the mid to proximal diaphysis along
the linea aspera of the femur. It is likely that in proximal, less displaced fracture this
artery remains undisrupted, contributing to the greater pressures in found group A.
The pressures in the distal 1/3 fractures probably remain low because the endosteal

communication with the nutrient artery is disrupted.

The difference in pressures proximal to and distal to the fracture in group B and C
was significant. The effect of pressure release or venting through the fracture site was
evident by the pressure difference. Stiirmer *' said that medullary debris and clot can
obstruct the canal at the fracture site and lead to a reduction in the venting effect of
the fracture. We found this no to be the case as pressures were always higher distal to
the fracture except in one case in group C where the pressures were exactly the same
during first reaming.

It was not possible to measure pressure proximal to the fracture in group A. Knowing
the pressure reducing effects of the fracture in group B; it can be assumed that the
pressures distal to the fracture in group A was significantly higher than proximal to
the fracture. The volume of medullary content to vent through very proximal fractures

is much less than more distal fractures and the pressures should be significantly lower.
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Johnston et al ** measured the pressures proximally and distally during reaming of
intact femurs and found no significant difference between them. The canal acts as a
closed cavity or ‘pressure vessel’ with uniform pressures throughout. Therefore,
measuring the pressure at the end of the ‘closed tube’ — distal metaphysis will equal

that of the pressure proximally and throughout this ‘closed tube’.

The greatest pressures were achieved during the first ream in all the cases. Group A
achieving significantly higher pressures than the other groups. This confirms our
hypothesis that the femur acts as a ‘closed tube’ and pressurisation of the canal occurs
as the reamer crosses the fracture site. The pressure was noted to reach its maximum
as the reamer entered the isthmus. The gap equation *' explains this. When the reamer
has close contact with the cortex, there is little escape of medullary content retrograde
and the reamer acts as a piston, pressurising the canal. The same set of reamers was

35 showed that reamer bluntness was associated with

used in all the cases. Muller
increased use and that they led to higher intramedullary pressures and greater cortical
temperature if blunt in a cadaver model. The reamers were used over a period of four
months and other femurs were reamed between the study patients. It is conceivable

that the reamers were not of the same sharpness for the last few femurs in the cohort

compared to the first femurs and that falsely elevated pressures may have resulted.

3 patients desaturated to a saturation of less than 90%. All three had fractures in group
A and had significantly high peak intramedullary pressures during the first ream
(420mmHg, 380mmHg, 400mmHg). The respiratory decompensation occurred
between one and two minutes post reaming and were transient in all cases, lasting

between 30 seconds and one minute. Blood gases were not taken at the time. The
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patients suffered no post operative pulmonary complications but they all had low

injury severity scores, were normotensive and had no pulmonary trauma.

Significant emboli, detectable by trans-oesophageal echocardiography, occur when
the intramedullary pressure reaches 200mmHg or more.** Insignificant sonographic
echoes begin when the canal pressure reaches 50 mmHg. The pressures achieved in
Group A in particular far exceeded this threshold. Pape et al '* showed that
polytraumatised and lung injured patients had increased pulmonary complications
after femoral nailing. The majority of patients will tolerate the fat embolism that
occurs during reaming with no lasting complications but predisposed patients or those
with poor cardio-respiratory reserve may not.

Comminution tended to lower the peak intramedullary pressures. This could not be
proven in group B and C fractures, but group A had significantly reduced pressures if
the fracture was classified as comminuted. Hydraulic principles explain how pressure
within the system will be lowered if more content is allowed to escape through a
greater surface of the canal. Fluid will flow to the area of least resistance and thus out

of a split or area of comminution.

Interest in lowering the intramedullary pressure and eliminating the negative effects
of reaming has lead to various strategies to combat this. Venting the distal femur by
drilling a hole through the cortex has been shown to reduce the pressure during
reaming in an intact femur simulating a pathological lesion.”® Controversy exists as to
the efficacy of this technique in a fracture invivo. Muller and Rahn * felt that the
venting hole gets clogged with medullary content and does not decompress the canal

effectively. They found that draining the canal prior to nailing led to lower pressures.
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Rinsing Suction Reamer (RSR) ** and Reamer Irrigation Aspiration (RIA)* systems
were developed to address raised pressure and cortical temperature. Both systems
have shown pressure reducing capabilities, particularly the RIA system.* Un-rcamed
nailing generates lower intramedullary pressures compared to reaming. There is
controversy with regard to the clinical difference between un-reamed and reamed

nailing but studies have shown increased fat embolism during reaming. *°
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Summary

Proximal, less complex femur fractures led to high intramedullary pressures during
reamed prograde nailing in this study. Comminution tended to lower pressure. Distal
and mid shaft fractures had lowered pressures, possibly due to the venting of the
medullary content through the fracture site. There was not a significant difference in
the pressures comparing midshaft with distal 1/3 fractures. There was a pressure
gradient across the fracture site explaining the venting aspect of the fracture. The
greatest pressures were achieved during the first ream down the canal and when the
reamer passed the fracture site and engaged the isthmus. Although we did not measure
the canal content entering the right ventricle, the three patients that had transient

desaturation had experienced very high pressures during their nailing procedure

45




References

! Berkshire A, Johnson J, Leighton RK, et al: Some basic biomechanical

characteristics of medullary pressure generated during reaming of the femur.
Injury 26:451-455, 1995.

* Manning JB, Bach AW, Herman CM, Carrico CJ. Fat release after femur nailing in
the dog. J Trauma. 1983;23:322-326.

* Ganong RB: Fat emboli syndrome in isolated fractures of the tibia and femur.
Clin Orthop 291 :208,1990

* Kiintscher G. Die Maqrknagelung von Knochenbriichen.
Arch F Klin_1940;200:443-448

3 Behrman SW, Fabian TC, Kudsk KA, et al. Improved outcome with femur fractures:

Early versus delayed fixation. J Trauma. 1990,;30:792

® Weller S. Internal fixation of fractures by intramedullary nailing: Introduction,
historical review and present status. Injury.1993; 24:1-6.

7Kallos T, Enis JE, Gollan F, Davis JH. Intramedullary pressure and pulmonary
embolism of femoral medullary contents in dogs during insertion of bone cement
and a prosthesis. J Bone Joint Surg (Am)1974;56-A:1363-1367

¥ Kiintscher GB. The Kiintscher method of intramedullary fixation.
J Bone Joint Surg Am 1958;40-A:17-26.

’ Gossling HR, Pellegrini VD. Fat embolism syndrome: A review of the
pathophysiological basis of treatment. Clin Orthop.1982;165:68-82

10 Giannoudis PV, Smith RM, Bellamy MC, et al. Stimulation of the inflammatory

system by reamed and unreamed nailing of femoral fractures. An analysis of the
second hit. J Bone Joint Surg Br 1999;81:356-61.

! Robinson CM, Ludlam CA, Ray DC, Swann DG, Christie J. The coagulative and
cardiorespiratory responses to reamed intramedullary nailing of isolated fractures.
J Bone Joint Surg Br. 2001;83:963-973

12 Pape HC, Grimme K, van Griensven M, et al. Impact of intramedullary
instrumentation versus damage control for femoral fractures on
immune-inflammatory parameters: prospective randomized analysis by the EPOFF
Study Group. J Trauma 2003;55:7-13

46




" Husebye E, Torstein L, Opdahl H, Roise O. Intravasation of marrow content. Can
magnitude and effects be modulated by low pressure reaming in a porcine model?
Injury.2010;41:S9-S15

' Wenda K, Runkel M, Degrief J, Ritter G. Pathogenesis and clinical relevance of
bone marrow embolism in medullary nailing-demonstrted by intra-operative
echocardiology. Injury. 1993;24(suppl 3):S73-S81

15 Pape HC, Auf’'m’Kolk M, Paffrath T, et al. Primary intramedullary femur
fixation in multiple trauma patients with associated lung contusion—
A cause of posttraumatic ARDS? J Trauma.1993; 34:540-548.

' Stiirmer KM. Measurement of intramedullary pressure in an animal experiment and
propositions to reduce the pressure increase. /njury.1993; 24(Suppl 3):S7-S21.

YGiannoudis P, Pape HC, Cohen AP, et al. Review: systemic effects of
femoral nailing: from Kiintscher to the immune reactivity era.
Clin Orthop Relat Res. 2002;404:378-386.

" Wenda K, Runkel M. Systemic complications in intramedullary nailing.
Orthopade.1998;25:292-299

1 pape HC, Giannoudis P. The biological and physiological effects of intramedullary
reaming. J Bone Joint Surg Br. 2007;89-B: 1421-1426

* Ascenzi A. Physiological relationship and pathological interferences between
bone tissue and marrow. Bourne G.H (ed) The biochemistry and physiology of
bone, Academic press, New York. 1972. 403-444

21 Kelly PJ. Anatomy, physiology and pathology of the blood supply of bones.
J Bone Joint Surg.(Am).1968;50-A:766-83

2 Cuthbertson EM, SirisE, Gilfillan RS. The femoral diaphyseal medullary venous
system as a venous collateral channel in the dog.
J Bone Joint Surg(Am).1965;47-A:965-74

» Stein AH, Morgan HC, Reynolds FC. Variations in normal bone marrow pressures.
J Bone Joint Surg(Am). 1957,39-A:1129-34

* Rehm J. Experimental research on the origin of fat embolism in bone fractures.
Arch Klin Chir Ver Dtsch Z Chir 1957;285:230-8

25 Watson AJ. Genesis of fat emboli.
J Clin Pathol Suppl (R Coll Pathol) 1970;4:132—42.

47




% Reichert IL, McCarthy ID, Hughes SP. The acute vascular response to
intramedullary reaming. Microsphere estimation of blood flow in the intact bovine
tibia. J Bone Joint Surg Br. 1995;77:490—493.

" Scheinitsch E, Kowalski M, Swiotkowski M, Senft D, Cortical bone blood flow in
reamed and undreamed locked intramedullary nailing: a fractured tibia model in
sheep. J Orthop Trauma 1994;8:373-382

28 Schemitsch EH, Kowalski MJ, Swiontkowski MF, et al. Comparison of the effect
of reamed and unreamed locked intramedullar nailing on blood flow in the callus
and strength of union following fracture of the sheep tibia.

J Orthop Res. 1995;13:382-389.

29 Hupel TM, Aksenov SA, Schemitsch EH. Effect of limited and standard reaming on
cortical bone blood flow and early strength of union following segmental fracture.
J Orthop Trauma. 1998;12:400—406.

%Chapman MW. The effect of reamed and nonreamed intramedullary nailing on
fracture healing. Clin Orthop Relat Res. 1998;355(Suppl):S230-S238.

31 Wozasek GE, Simon P, Redl H, et al. Intramedullary pressure changes and fat
intravasation during intramedullary nailing: an experimental study in sheep.
J Trauma. 1994; 36:202-207.

32 Kropfl A, Davies J, Berger U, et al. Intramedullary pressure and bone marrow fat
extravasation in reamed and unreamed femoral nailing.
J Orthop Res. 1999; 17:261-268.

33 Kropfl A, Berger U, Neureiter H, et al. Intramedullary pressure and bone marrow
fat intravasation in unreamed femoral nailing. J Trauma. 1997;42:946-954.

3* Stiirmer KM Measurement of intramedullary pressure in an animal experiment and
propositions to reduce the pressure increase. Injury. 1993;24(suppl 3):S48-S55

3% van der Hulst RRWJ, van den Wildenberg FAJM, Vroemen JPAM, Greve JM.
Intramedullary nailing of (impending) pathologic fractures.
J Trauma. 1994;36:211-215

3 Martin R, Leighton RK, Petrie D, Ikejiani C, Smuth B. Effect of proximal and distal
venting during intramedullary nailing. Clin Orthop. 1996;332:80—89.

7 Johnston JA, Berkshire A, Leighton RK, Gross M, Chess DG, Petrie D. Some basic

biomechanical characteristics of medullary pressure generation during reaming of
the femur. Injury. 1995;26;451-454

48




*Muller CH, Mc Iff T, Rahn BA, Pfister U, Weller S.Intramedullary pressure, strain
on the diaphysis and increase in cortical temperature when reaming the femoral
medullary cavity- a comparison of blunt and sharp reamers.

Injury. 1993;24(suppl 3):522-S30
** Eriksson AR, Albrektsson T Threshold levels for heat induced bone tissue injury.
J Prosthetic. Dentistry. 1983,50.101-107

* Danckwardt-Lilliestrém G, Lorenzi L, Olerud S. Intracortical circulation after
intramedullary reaming with reduction of pressure in the medullary cavity.
J Bone Joint Surg Am 1970; 52:1390-94.

*I' Schult M, Kuchle R, Hofmann A, et al. Pathophysiological advantages of
rinsing— suction—Reaming (RSR) in a pig model for intramedullary nailing.
J Orthop Res 2006;24:1186-92

* Green J. History and development of suction irrigation reaming.
Injury. 2010;41:524-S31

43 Volgas DA, Burch T, Stannard JP, Ellis T, Bilotta J, Alonso JE. Fat embolus in
femur fractures: a comparison of two reaming systems.
Injury 2010;41(Suppl 2):S90-3.

* Heinrich H, Kremer P, Winter H, et al. Transesophageal 2-dimensional
echocardiography in hip endoprostheses. Anaesthesist 1985;34:118-123

* Martin R, Leighton RK, Petrie D, et al. Effect of proximal and distal venting during
intramedullary nailing. Clin Orthop 1996;332:80-89

* Muller ME, Nazarian S, Koch P. The Comprehensive Classification of Fractures of
Long Bones. New York: Springer-Verlag; 1990.

7 Muller ME, Nazarian S, Koch P. The Comprehensive Classification of Fractures of
Long Bones. New York: Springer-Verlag; 1990.

“ Wenda K, Runkel M, Degreif J, et al. Pathogenesis and clinical relevance of bone
marrow embolism in medullary nailing demonstrated by intraoperative
echocardiography. Injury.1993; 24(Suppl 3):73.

% Mueller CA, Rahn BA. Intramedullary pressure increase and increase in the cortical

temperature during reaming of the femoral medullary cavity. The effect of draining
the medullary contents before reaming. J Trauma. 2003;55:495-503

49



	image4073
	image4096
	image4101
	image4102
	image4103
	image4105
	image4108
	image4109
	image4112



