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ABSTRACT 

Elderly patients represent the fastest growing population in sustaining acetabular 

fractures. Anterior column with posterior-hemitransverse (ACPHT) fractures are one of 

the most common types of acetabular fractures seen in the elderly. Extrapelvic and 

intrapelvic fixations are used as surgical treatments, with extrapelvic being less invasive 

and intrapelvic providing, theoretically, a mechanical advantage. 10 fractured and fixated 

cadaveric pelvises underwent biomechanical testing to compare the two methods. On 

average, pelves with intrapelvic plates performed better for all test metrics with statistical 

significance (p < 0.05) reached for yield force, maximum force, and plastic energy. From 

these results it might be concluded that the intrapelvic plate does not begin contributing 

significantly towards the strength of the acetabulum until higher loads are reached. 

However, reoccurring trauma is not unusual, particularly among fall victims. An 

intrapelvic plate could prevent reprotrusion of the acetabulum in such scenarios. 

  

A second study has been conducted to evaluate a novel syringe which provides users with 

tactile and audible feedback after every set increment is dispensed. This allows the 

syringe to be utilized without visual monitoring of its volume. When compared to a 

traditional syringe, the incremental syringe showed improvement in accuracy and 

decreased variability across and within individuals. The magnitude of improvement is 

potentially not of great clinical importance, but still shows the incremental syringe to be a 

viable device for procedures which require numerous, accurate, and precise injections or 

in which the user is unable to monitor the syringe during the injection process. This, 

along with its ease of use, makes it a promising device for the future.  
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Chapter I: Introduction & Background 
 

ACETABULAR FRACTURES 

The acetabulum is a cup shaped cavity on the lateral surface of the pelvis which houses 

the head of the femur (Figure 1). Acetabular fractures occur at a rate of approximately 3-

4 patients per 100,000 people per year [1-4]. They are common among young patients 

with high energy blunt trauma (e.g. car crash) and among elderly patients with low 

energy trauma (e.g. fall from standing height). These fractures typically occur with lateral 

to medial loading of the proximal femur, forcing the femoral head into the medial wall of 

the acetabulum [5-7]. They are characterized by the displacement of the anterior column, 

anterocentral displacement/dislocation of the femoral head, and an associated separate 

fragment of the quadrilateral plate [8, 9]. The quadrilateral plate refers specifically to the 

medial wall of the acetabulum, which makes up the largest and most frequently fractured 

portion of the acetabular cup. Fractures of the quadrilateral plate are particularly difficult 

to treat because of their proximity to the articular surface of the hip joint, their position in 

the true pelvis, and an insufficient bone stock [9-12].  

 

Figure 1. An acetabulum of the pelvis (right lateral view). 
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TREATMENT AND COMPLICATIONS  

These fractures present a major public health dilemma for orthopedic surgeons [13]. The 

standard operative treatment is open reduction and internal fixation followed by early 

mobilization [9]. Open surgery is when a long incision is made through which the 

surgeon can visualize the procedure. Reduction refers to restoring the bone fragments to 

their correct alignment and fixation refers to the stabilization of those fragments by 

mechanical devices such as plates, screws, rods, and wires. However, fixations of these 

fractures, especially associated patterns, are often unstable with a high risk of failure and 

poor outcomes [14]. Poor reduction often leads to osteoarthritis and subsequent hip 

arthroplasty [15-17]. Insufficient fixation can result in non-union, secondary 

displacement, and loss of reduction, which typically require revision surgery [18-20]. 

Post-traumatic osteoarthritis is the primary complication following an acetabular fracture 

[17]. It occurs in 26.6% of patients, with higher rates among associated fracture patterns, 

patients with poor reduction quality, and the elderly [15].  

 

ACETABULAR FRACTURES AMONG THE ELDERLY 

The incidence of acetabular fractures in elderly patients has been increasing since 1980 

[5, 12, 21-24] (Figure 2). Currently, elderly patients represent the fastest growing group 

in sustaining acetabular fractures [12, 25] and their incidence rate is expected to continue 

to rise as the population ages [24]. Elderly patients tend to have more uniform fracture 

patterns, most commonly anterior column, associated both column, or anterior column 

with associated posterior-hemitransverse fracture patterns [5, 13, 14, 23]. Ferguson et al. 
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found that, among patients over the age of 60 who experienced an acetabular fracture, 

71% had an anterior column fracture and 63% had an associated pattern [5].  

Unfortunately, elderly patients present several unique challenges to surgeons. Bone 

quantity and quality reduces drastically with age. This hinders fracture reduction and 

fixation in an area which is already difficult due to limited bone stock. Elderly patients 

also tend to have significantly longer and less complete recoveries from invasive surgery 

than their younger counterparts. Perhaps the most discouraging of all, mortality rates 

during surgery are much higher among the elderly than for younger individuals [26-28].  

 
Figure 2. Ferguson et al. found a 2.4 fold increase in incidence rate for acetabular 

fractures among patients aged > 60, responsible for 10% of acetabular fractures in the 

first half of the study and 24% of fractures in the second half [5].  

 

 

ANTERIOR COLUMN WITH POSTERIOR HEMITRANSVERSE FRACTURES  

Using the Letournel-Judet classification system [29], one of the most common acetabular 

fracture types among the elderly is an anterior column with posterior hemitransverse 

fracture (ACPHT) [5]. The anterior column is made up of the entire pubis and a majority 

of the ilium (Figure 3A). The posterior column is composed mainly of the ischium and a 
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portion of the posterior ilium (Figure 3B). A transverse acetabular fracture refers to a 

fracture line which runs through the acetabulum horizontally as opposed to the primarily 

vertical column fractures (Figure 3E). An ACPHT fracture is an associated fracture 

which spans these three components (Figure 3F).  

 

 

 

         A)   B)       C)           D)    E) 

 

 

         F)   G)       H)            I)    J) 

Figure 3. Letournel-Judet fracture classification system (right lateral view) A) Anterior Column 

B) Posterior Column C) Anterior Wall D) Posterior Wall E) Transverse F) Anterior Column 

Posterior Hemitransverse G) Posterior Column Posterior Wall H) Both Column I) Transverse 

Posterior Wall J) T-Shape 

 

In general, screw-only fixation has proven to be inadequate fixation for ACPHT fractures 

[2, 17]. Plating techniques consist of extrapelvic and intrapelvic (or infrapectineal) 

fixation, which are commonly employed to neutralize the quadrilateral component of 

ACPHT patterns (Figure 4). Extrapelvic fixation uses a single plate placed along the 

superior edge of the pelvic brim with its screws parallel to the quadrilateral plate [29]. 

Intrapelvic fixation is a dual plating technique that adds an additional plate along the 

medial edge of the pelvic brim with its screws orthogonal to the quadrilateral plate. 

Beyond simply adding a second plate, intrapelvic fixation improves acetabular stability 

by buttressing the quadrilateral plate in the same plane as its displacement [11, 14, 20, 30, 
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31]. However, intrapelvic plating is more invasive, requiring a modified Stoppa approach 

to access the true pelvis. This technique is often used in younger patients, but its use 

among the elderly is not nearly as widespread. Since the elderly have higher morbidity 

and mortality rates from invasive surgery, it is important to ensure that the added 

invasiveness of intrapelvic plating can be justified by its mechanical advantages.  

 

Figure 4. Extrapelvic fixation (left) and intrapelvic fixation (right). Intrapelvic plating (darker 

grey) without also including an extrapelvic plate (lighter grey) is rare.  

 

INCREMENTAL SYRINGES  

Syringes are one of the most commonly used medical devices in the world today. They 

are cheap, simple, and widely accepted in medical practice. However, they have a major 

flaw which is often overlooked: syringes require the user to visually “eyeball” how much 

fluid has been aspirated and/or ejected. This can have negative consequences for the 

accuracy and precision of dosage, the speed of the procedure, and the device’s ease of 

Extrapelvic 

Intrapelvic 
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use.  One simple solution that has been suggested is an incremental syringe which 

provides a slight resistance and an audible “click” after each specified increment. This 

device has been designed and prototyped for a 10 mL syringe with 1 mL increments 

(Figure 5).  

 

 

Figure 5. 3D rendering of a traditional syringe plunger (left), an incremental syringe plunger 

(center), and a syringe with an incremental plunger included (right).  

 

Once an excess of a medication is injected into the body, there is no way to bring it back. 

Certain medications can be dangerous if overdosed even by small amounts. Some of 

these medications, such as Lidocaine, can require multiple injections during the same 

procedure which allows the error to accumulate. Chemotherapy and many other 

medications are sensitive to under-dosing and can lose their efficacy if not administered 

accurately [32]. Prior to the incremental syringe, several other techniques and devices 

have been developed to circumvent this problem. The gravimetric technique involves 

weighing a syringe before and after aspiration. Markings on the outside of the syringe are 

ignored and change in weight is measured. This is inconvenient because it requires a very 

sensitive scale, a mathematical conversion of weight to volume, and it may take several 

tries before the correct weight is reached. Some devices which have been utilized in order 

to improve on syringe accuracy and precision include pipette-syringe hybrids, insulin 
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pens, and even automatic syringe pumps (Figure 6). However, no devices have gained 

widespread use over traditional syringes and are only used in very specific or extreme 

scenarios. This is usually due to their difficulty of use, expensiveness, and/or lack of 

applicability to other procedures. Compared to the traditional syringe, the incremental 

syringe should be easier to use, similarly priced once mass produced, and suitable for all 

of the same applications.  

 

Figure 6. Automatic syringe pump by Next Advance, Inc.  

 

Visually monitoring the syringe can be especially difficult in some scenarios. The syringe 

cannot be brought to eye level if aspirating from a large container or from a hanging 

storage capsule and positioning can be awkward if injecting into a patient. The 

deficiencies of a traditional syringe are most apparent in procedures where the user’s 

vision must be focused elsewhere. The original inspiration behind the development of an 

incremental syringe was for injecting onabotulinumtoxinA for overactive bladders. 

During this procedure, the clinician must keep their eyes on a screen to monitor the 
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location of the needle while administering 1 mL doses of Botox to up to 30 different 

locations on the patient’s bladder [33]. It is impossible to simultaneously view both the 

volume of the syringe and the location of the needle during this procedure. An assistant 

makes the method feasible by monitoring the syringe volume and verbalizing to the 

physician when to stop injecting. Unfortunately, this increases the variability and 

decreases the accuracy of injections. Accidental overdose early in the procedure can 

cause the medication to run out before all 30 locations are treated. The incremental 

syringe should increase dosage accuracy and precision, reduce procedural difficulty, 

reduce procedure time, and eliminate the need for an assistant. It is believed that the 

incremental syringe’s strongest clinical application and biggest impact will be for 

procedures such as this one which call for numerous, accurate, and precise injections 

and/or which demand the user’s vision to be focused elsewhere.  

 

SYRINGE ACCURACY AND PRECISION 

Accuracy and precision are important characteristics of syringe injections. Accuracy is 

how well a syringe delivers a set volume. It can be defined as the difference between the 

actual dose and the intended dose, often expressed as a percentage of the intended dose.  

 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) =  
𝑎𝑐𝑡𝑢𝑎𝑙 𝑑𝑜𝑠𝑒 − 𝑖𝑛𝑡𝑒𝑛𝑑𝑒𝑑 𝑑𝑜𝑠𝑒

𝑖𝑛𝑡𝑒𝑛𝑑𝑒𝑑 𝑑𝑜𝑠𝑒
∗ 100 

 

Precision is how consistently a syringe delivers the same volume, regardless of how 

accurate that volume is. It can be defined as the standard deviation of a set of 

measurements. Standard deviation is also sometimes normalized by the average volume 
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and reported as a coefficient of variation in order to compare precision across different 

injection volumes. 

 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =  √
∑(𝑠𝑖𝑛𝑔𝑙𝑒 𝑑𝑜𝑠𝑒 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑜𝑠𝑒)2

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑜𝑠𝑒𝑠
  

 

𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 (%)  =  
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑜𝑠𝑒𝑠

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑜𝑠𝑒
∗ 100 

 

CHAPTER SUMMARIES 

Chapter II: A Biomechanical Comparison of Extrapelvic and Intrapelvic Fixation 

for Acetabular Fractures of the Quadrilateral Plate 

There are currently no comparison studies, biomechanical or clinical series, evaluating 

the stability or ability to prevent reprotrusion of extrapelvic and intrapelvic fixations.  

The purpose of this study is to quantify the biomechanical differences between these 

different plating methods among the elderly for anterior column with associated posterior 

hemi-transverse acetabular fractures of the quadrilateral plate. 

 

Chapter III: Evaluating a Novel Incremental Syringe for Accuracy and Precision 

The syringe is one of the oldest and most widely used medical devices. A new design, 

which makes an audible click and provides slightly higher resistance at each ejected 

increment, has been proposed. The purpose of this study is to compare dosage accuracy 

and reproducibility for a prototype of this novel design against that of a traditional, non-

incremental syringe. 
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Chapter IV: Summary of Research 

A brief overview of work presented in this thesis.  
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1. ABSTRACT 

Purpose: Elderly patients represent the fastest growing population in sustaining 

acetabular fractures. Anterior column with posterior-hemitransverse (ACPHT) fractures 

are one of the most common types of acetabular fractures seen in the elderly and have 

high rates of fixation failure. Classically, ACPHT fractures are treated with extrapelvic 

fixation along the pelvic brim. Adding an additional intrapelvic buttress plate along the 

quadrilateral plate combats deforming protrusio forces, but also adds invasiveness and 

potential patient morbidity.  

Methods: 10 fresh-frozen cadaveric pelvises were used for biomechanical comparison. 

Hemipelves underwent standardized fracture creation and appropriate osteosynthesis 

according to their group. Specimens were subjected to both a 50% of body weight (BW) 

test and failure testing. For the 50% BW test, displacement at 50% BW and stiffness were 

calculated. For the failure test, stiffness, force at clinical failure, elastic energy, yield 

point, maximum force and plastic energy were identified. A Wilcoxon matched-pairs t-

test was used to compare between groups.  

Results: On average, the intrapelvic group performed better for all test parameters. 

Statistical significance (p < 0.05) was reached for yield force, maximum force, and 

plastic energy.  

Conclusions: From these results it might be concluded that the intrapelvic plate 

contributes significantly towards the strength of the acetabulum during high loads. These 

findings demonstrate that the addition of intrapelvic plating may offer distinct advantages 

in prevention of catastrophic construct failure in situations in which significant lateral to 

medial force is applied to the greater trochanter such as during patient falling.  
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2. INTRODUCTION 

Acetabular fractures occur at a rate of approximately 3-4 patients per 100,000 people per 

year. Among the elderly, the incidence of acetabular fractures has been continuously 

increasing since 1980 [1-6]. Currently, elderly patients represent the fastest growing 

group in sustaining acetabular fractures [6, 7] and their incidence rate is expected to 

continue to rise as the population ages [5]. Unlike high energy patterns typically 

sustained in younger populations, the majority of elderly acetabular fractures result from 

low energy mechanisms, e.g., fall from standing height, with lateral to medial loading of 

the proximal femur [3, 8, 9]. Acetabular fractures from this mechanism are characterized 

by displacement of the anterior column, an associated separate fragment of the 

quadrilateral plate, and anterocentral displacement/dislocation of the femoral head [10, 

11]. Elderly patients tend to have more uniform fracture patterns, most commonly 

anterior column with associated posterior-hemitransverse or associated both column 

fracture patterns [3, 4, 12, 13]. Ferguson et al. found that among patients over the age of 

60 who experienced an acetabular fracture, 63% of them had an associated pattern and 

71% had an anterior column fracture [3].   

 

These fractures present a major public health dilemma for orthopedic surgeons [12]. The 

standard operative treatment is open reduction and internal fixation followed by early 

mobilization [11]. However, fractures of the quadrilateral plate are particularly difficult 

to treat because of their proximity to the articular surface of the hip joint, their position in 

the true pelvis, and an insufficient bone stock [6, 11, 14, 15]. Conventional fixations of 

these fractures, especially associated patterns, are often unstable with a high risk of 
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failure and poor outcomes [13]. Poor reduction often leads to arthrosis and subsequent 

hip arthroplasty [16-18]. Insufficient fixation can result in non-union, secondary 

displacement, and loss of reduction, which typically eventuates in a need for total hip 

arthroplasty [19-21].  

 

There are many different techniques used to stabilize fractures of the quadrilateral plate. 

In general, screw-only fixation has proven to be inadequate [18, 22]. Dual plating 

techniques consisting of extrapelvic and intrapelvic (or infrapectineal) fixation, are 

commonly employed to neutralize the quadrilateral component of many fracture patterns. 

The intrapelvic plate buttresses the quadrilateral plate in the same plane as its 

displacement, theoretically providing more stability to the acetabulum [13, 15, 21, 23, 

24]. However, intrapelvic plating is more invasive, requiring a modified Stoppa approach 

to access the true pelvis. This added morbidity can have dire consequences for the elderly 

patient [25-27]. As such, it is important to ensure that the added invasiveness of 

intrapelvic plating can be justified by its mechanical advantages. There are currently no 

comparison studies, biomechanical or clinical series, evaluating the stability or ability to 

prevent reprotrusion with these different plating methods.  The purpose of this study is to 

quantify the biomechanical differences between extrapelvic and combined extrapelvic-

intrapelvic fixation using an anterior column with posterior-hemitransverse fracture 

pattern.  
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3. METHODS 

3.1 Specimen Preparation 

10 fresh-frozen cadaveric pelves, five male and five female, were used in the study 

(Table 1). Subjects had an average age of 76 years at the time of their death. While this 

extremely high, it is also the target population for this study. Quantitative computed 

tomography (QCT) scans were taken for all specimens. Soft tissue was sharply dissected 

from the underlying bone. All specimens were inspected visually and via QCT for 

abnormalities. Hemipelves were split at the pubic symphysis and sacroiliac joints.   

            

 

                    

    Table 1. Donor Characteristics    

 

  
  

Weight 

(lbs) 
  

Age 

(years) 
  

Height 

(in) 
  

BMI 

(kg/m
2
)   

 

 

  
Average 171 

 
76 

 
66.7 

 
27 

  

 

 

  

Standard 

Deviation 
89.3 

 
9.3 

 
4.2 

 
13 

  

 

 

  
Range 80 - 315 

 
62 - 89 

 
59 - 72 

 
15 - 48 

  

 

 

                    

 
             

3.2 Bone Mineral Density (BMD) Calculation 

The QCT scans were done with a calcium phantom. The QCT scans were imported into 

Mimics [Materialise, Leuven, Belgium] and then bone was isolated by thresholding and 

region growing. A sample region was taken from both left and right inferior pubic rami 

(). This area was chosen because it is a common location for deficiency fractures in early 

osteoporotic patients. The average Hounsfield Unit (HU) was calculated from each 



 

18 

 

sample. Using the known densities of the calcium phantom, a regression equation relating 

HU to density was found for each scan. Using these equations, the HU from the inferior 

pubic rami were then converted into volumetric densities. Right and left were compared 

using a matched pairs t-test. After no significant difference was found (p = 0.77), the left 

and right sides were averaged to assign one bone mineral density per specimen. An 

average BMD of 405 mg/cc (st. dev. ± 66.8) was found with this method, ranging from 

297 to 533 mg/cc. Unfortunately, since there is no standardized bone mineral density 

comparison using the pelvis, it was not possible to compare the sample BMD to a general 

or an age matched population.  

 
Figure 7. Screen capture from Mimics. BMD was sampled from light green and purple 

highlighted areas. 

 

3.3 Anterior Column Posterior Hemitransverse Variant Fracture Creation (Figure 8) 

First, the anterior column fracture was created with a vertical fracture 2 cm posterior 

from the anterior superior iliac spine (ASIS), which continued caudally to the level of the 

acetabulum, where it intersected the posterior hemitransverse fracture line. This fracture 
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line was created 4 cm cranial and 1.5 cm anterior from the ischial tuberosity and 

continued until it intersected the anterior column fracture. The fracture line convergence 

was confirmed below the dome of the acetabulum, ensuring articular cartilage remained 

intact on the cranial segment. Finally, a vertical fracture was made through the root of the 

superior pubic ramus. Of note, the posterior hemitransverse fracture purposefully did not 

exit the greater sciatic notch as to keep the caudal pelvic segment from completely 

dissociating given the lack of soft tissue attachments. All fractures were made with an 

oscillating saw. Minimal measurement modifications were made to ensure correct 

fracture placement about the acetabulum, given the natural variation in pelvic size. All 

fracture creations and subsequent fixations were done by the same orthopedic surgery 

resident (SB).  

 

 

 

Figure 8. Medial (left) and lateral (right) view of fracture pattern used.  
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3.4 Fracture Fixation  

For each pelvis, the hemipelves were assigned to either extrapelvic or intrapelvic fixation. 

Standard extrapelvic fixation was performed using a low profile reconstruction plate 

(Figure 9), and fracture stability was tested manually after all screws placed. One 

hemipelvis from each subject was fixed utilizing the extrapelvic method with a single 3.5 

mm low profile curved 12-hole pelvic reconstruction plate. This was pre-bent to match 

the individual morphology of each pelvis prior to fixation. The fracture reduction 

progressed from peripheral to central. First the peripheral portion of the iliac wing 

fracture was reduced, clamped and stabilized with a 3.5 mm lag screw. Subsequently the 

more central portion of the high anterior column fracture was reduced and stabilized with 

3.5 mm screws placed throughout the pelvic reconstruction plate. The distal portion of 

the fracture was stabilized with two 3.5 mm screws distal to fracture created at the 

superior pubic ramus. Lastly the quadrilateral plate and posterior column was stabilized 

with screws placed from the pelvic brim into the posterior column. Attempts were made 

for at least one of these screws to be quadricortical passing throughout the cotyloid fossa. 

 

The contralateral hemipelvis underwent additional quadrilateral plate fixation, utilizing a 

dual plating method. This includes dual plating with one 3.5 mm low profile curved 12-

hole pelvic reconstruction plate, as described in the previous paragraph. The standard 

extrapelvic plate was followed with an additional straight low profile 10-hole 

reconstruction plate. This was pre-bent to fit along the inner pelvic brim from the pubic 

symphysis to the greater sciatic notch. The plate was overcontoured to assure adequate 
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buttressing. Two screws each were placed in the superior pubic ramus and along the 

inferior ilium.  

 

3.5 Mechanical Testing 

Each specimen was potted in quick setting polyurethane. The acetabulum was oriented 

perpendicular to the horizontal with the posterior iliac crest submerged in the urethane 

(Figure 10 & Figure 11) to allow for loading with a servohydraulic uniaxial loading 

system [MTS, Eden Prairie, MN]. The urethane pot was secured to the MTS on a two-

Figure 9. Plating and screws used to fixate the cadaveric specimens 
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axis roller bearing table in order to eliminate shear loading. Once specimens were in 

place, an appropriately sized acetabular trial cup was attached to the loading system. This 

biomechanical loading recreates the force placed upon the acetabulum when the patient 

falls onto the greater trochanter or while lying on the affected hip.  

 

 
Figure 11. Mechanical testing set up with extrapelvic plating 

 

Figure 10. Mechanical testing set up with intrapelvic plating.  
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Initially a 40 N, vertical, compressive preload was applied to the acetabulum. Next the 

specimen was loaded to 50% of the donor’s body weight (BW), held for 10 seconds, and 

then unloaded back to 40 N at 40 N/s for three cycles to allow for settling of the hardware 

(Figure 12 & Figure 13). It is estimated that approximately 50% of a person’s BW is 

placed upon the acetabulum when lying on his or her side [28, 29]. Immediately 

following, a displacement controlled destructive test was conducted at 1 mm/s until the 

force dropped below 75% of the maximum or displacement reached 30 mm, whichever 

criteria occurred first. Force, displacement, and time were collected throughout 

mechanical testing. 

 

3.6 Data Analysis  

Table 2 and Table 3 describe the data pulled from the 50% of BW and destructive testing, 

respectively.  

       

 
          

 

 
  

Table 2. Parameters collected from 50% of BW Test 

  
 

 
  

Parameter   Description 
  

 

 
  

Displacement at 50% 

of BW  

Change in displacement during 

the third cycle  
  

 

 
  

Stiffness 
 

Change in force divided by 

change in displacement during 

the third cycle   
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Table 3. Parameters collected from destructive testing 

  

    

  
Parameter   Description 

  

  
Failure Stiffness 

 

Slope of the longest linear section in the beginning portion of the 

force-displacement curve (selected by hand) 
  

  

Force at Clinical 

Failure  
The force recorded at 2 mm of displacement 

  

  

Yield Point 

Force and 

Displacement 
 

A regression line is calculated for the data contained within the 

section used to calculate failure stiffness. Then, data is added one 

point at a time until either the R
2
 value drops below 0.98 or a local 

max is reached.   

  
Elastic Energy 

 
Energy from the start of the test until the yield point 

  

  

Regression 

Stiffness  
Slope of the regression line used to calculate the yield point 

  

  

Offset Yield 

Force and 

Displacement 

 

The point in which the force-displacement plot intersects a line 

with the failure stiffness as its slope and an x-intercept "offset" of 

2 mm    

  
Plastic Energy 

 
Energy from the yield point until failure 

  

  
Maximum Force 

 
The absolute highest force measured  

  

  

Displacement at 

Maximum Force   
The displacement at which the maximum force occurred 

  

  

Final 

Displacement   

The displacement when the force dropped below 75% of the 

maximum or 30 mm, whichever occurred first 
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For each parameter in the above two tables, differences between intrapelvic and 

extrapelvic groups were calculated using a Wilcoxon matched pairs t-test. These 

differences were also tested to see if the magnitude change was correlated with the 

independent outcomes such as age and bone mineral density.  To test for association 

between extrapelvic and intrapelvic values and the independent measures, a repeated 

measures analysis [SAS, Version 9.4, Cary, NC] of variance model was used, employing 

an unstructured covariance matrix.  This approach gives an estimate of the association 

between variables while controlling for the variance within and across subjects.  

 

4. RESULTS 

50% of Body Weight Test 

Example plots from a typical specimen’s 50% BW test can be seen below (Figure 12 & 

Figure 13). For all specimens, some screw settling occurred during the first cycle, but 

leveled off during the second and third cycles.  

 
Figure 12. Force over time of a typical 50% BW test 
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Figure 13. Displacement over time of a typical 50% BW test. Displacement was a result of force 

control.  

  

 

Compared to those with extrapelvic fixations, pelves on average displaced 28.3% less and 

were 12.6% stiffer when also fixated intrapelvically. However, statistical significance 

was not reached for either measurement. Results from the 50% BW test are summarized 

in Table 4 and visually represented in Figure 14.  

 

              

 

 

  

Table 4. Data collected from 50% BW Test with 

(standard deviation) 
  

 

 

  

    
Stiffness 

(N/mm) 
  

Displacement 

at 50% BW 

(mm)   

 

 

  

Extrapelvic 
 

291 (154) 
 

1.25 (0.76) 

  

 

 

  

Intrapelvic 
 

330 (143) 
 

0.94 (0.33) 

  

 

 

  

% Difference 
 

12.60% 
 

28.30% 

  

 

 

  

p-value 
 

0.216 
 

0.089 
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Figure 14. Stiffness and displacement values measured during the third cycle of 50% BW test. 

One standard deviation is shown. 

 

Destructive Testing 

The force-displacement plot of a typical subject can be seen below (Figure 15) with all 

data metrics identified. Plots for all subjects can be found in the Appendix.  
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A)     B)  

 

C)     D)  

 

E)      F)  

 

G)     H)  
Figure 15. Example plots for Stiffness (A), Clinical Failure Force (B), Yield Point (C), 

Regression Stiffness (D), Offset Yield Point (E), Maximum Force (F), and Final Displacement 

(G), all identified in red. Areas used to calculate Elastic and Plastic Energy are also shown (H).  
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Intrapelvic fixation outperformed extrapelvic fixation for all evaluations, although not all 

were statistically significant. On average, intrapelvic fixation was 21.4% stiffer, required 

20.6% more force to reach clinical failure (2 mm of displacement), and took 24.6% more 

energy to reach the yield point. Statistical significance was reached for yield force (p = 

0.011), plastic energy (p < 0.001), and maximum force (p < 0.001), which showed 

22.9%, 38.3%, and 27.8% improvement, respectively. Results from destructive testing 

are summarized in Table 5 and visualized in Figure 16 and Figure 17.  
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Table 5. Values collected from Destructive Testing with (standard deviation) 

  

  
    

Extrapelvic 

Average 
  

Intrapelvic 

Average 
  

% 

Difference 
  p-value 

  

  

Stiffness 
 

326 (182) 

N/mm  

404 (188) 

N/mm  
12.6% 

 
0.063 

  

  

Force at Clinical 

Failure  

640 (334)        

N 
  

787 (337)        

N  
20.6% 

 
0.056 

  

  

Elastic Energy   
3562 (2616)     

J  

4562 (2384)      

J  
24.6% 

 
0.075 

  

  

Yield 

Displacement  

4.9 (1.4)     

mm  

5.1 (1.1)     

mm  
4.0% 

 
0.366 

  

 

Regression 

Stiffness 
 

273 (150) 

N/mm 
 

334 (148) 

N/mm 
 20.2% 

 

0.0504 

 

  

Yield Force 
 

1266 (787)     

N  

1594 (688)      

N  
22.9% 

 
0.011 

  

  

Offset Yield 

Displacement  

6.15 (0.69)   

mm  

6.31 (1.12)  

mm  
2.6% 

 
0.370 

  

  

Offset Yield Force 
 

1364 (834)     

N  

1645 (696)     

N  
18.7% 

 
0.030 

  

  

Plastic Energy 
 

25894 

(14338) J   

38147 

(17352) J   
38.3% 

 
<0.001 

  

  

Maximum Force 
 

1608 (896)     

N  

2128 (832)     

N  
27.8% 

 
<0.001 

  

  

Displacement at 

Maximum Force  

14.66 (7.69) 

mm  

16.90 (6.66) 

mm  
14.2% 

 
0.260 

  

  

Final 

Displacement  

24.83 (5.41) 

mm  

26.46 (5.62) 

mm  
6.3% 

 
0.098 
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Figure 17. Failure Stiffness, Elastic Energy, Yield Displacement, and Plastic Energy during 

destructive testing. One standard deviation is shown.  
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Controlling for BMI, weight, height, gender, or BMD in the statistical model did not 

cause any notable changes in p-values from the Wilcoxon matched pairs t-test. This is 

likely due to the small sample size. Of note, both BMD and weight showed strong 

correlations with stiffness, clinical failure force, failure stiffness, yield force, and 

maximum force regardless of fixation group, which is consistent with other 

biomechanical literature. This analysis can be found in the Appendix.  

 

5. DISCUSSION  

The addition of an intrapelvic plate contributed significantly to the ability of the construct 

to resist catastrophic failure. Statistical significance was reached for yield force, plastic 

energy, and maximum force, all three of which were collected at high loads (> 1000 N). 

This provides valuable information to be utilized by orthopedic surgeons treating these 

injuries. The major differences between groups for data collected after the yield point 

indicates the intrapelvic plate would be beneficial under high loads and trauma. 30% of 

community-dwelling adults over the age of 65 will fall each year and this number is even 

higher (greater than 40%) among institutionalized individuals [30]. Additionally, a meta-

analysis by Deandrea et al found that a history of falls is the best predictor of future falls 

with an odds ratio of 3.46. Considering that 50% of acetabular fractures among the 

elderly are caused by a fall in the first place [3], it is likely that these patients are at a 

higher risk for additional falls. The buttressing of an intrapelvic plate should decrease the 

likelihood of catastrophic failure and redisplacement in these scenarios. Redisplacement 
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can result in loss of articular congruity, pain, post-traumatic deformity, inability to 

ambulate, and replacement hip surgery.   

 

Culemann et al. [31] found osteoporotic cadaveric pelvises required significantly less 

force for fracture displacement, with no difference between various ACPHT fixation 

methods. They did find that a reconstruction plate with three long periarticular screws 

afforded the greatest fixation stability, which is similar to our extrapelvic fixation design. 

With the addition of the intrapelvic plate, we showed a near significant (p = 0.056) 

increase in force required for clinical failure (> 2 mm displacement), with an average 

force of 787 N, a larger force than Culemann et al. pelvises were even exposed to. Many 

of our other metrics also showed near significance (0.05 < p < 0.09) including 

displacement at 50% of BW, failure stiffness, and elastic energy.  

 

It should be noted that this study had several limitations. For one, it is difficult to 

replicate in vivo loading in a cadaveric model. The use of cadavers also severely limited 

sample size (n = 10) which may not have been large enough to isolate the differences 

between the two fixation techniques. This was compounded by the large variation among 

the specimens (Table 1) including age, BMI, and bone mineral density which translated 

into a high amount of variability in the data. Simultaneously, this high variation is 

clinically representative making the results more applicable. 

 

Several metrics which were collected did not provide a meaningful amount of insight, 

such as offset yield force and offset yield displacement (Figure 15E). Under more 
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controlled testing conditions, an offset yield point refers to the point in which, if 

unloaded, a material will return to a certain “offset” displacement from its initial state. In 

this case the offset was 2 mm, which had been defined as clinical failure. The question 

offset yield point was attempting to answer was: What is the maximum force and 

displacement the acetabulum could be loaded to and once unloaded still return to a 

displacement that would not be considered to have failed clinically? In addition to the 

loading scenario being quite complex in this study, biological tissue tends to not respond 

in a standardized way between different specimens. Namely, the area where the offset 

yield line often intersected with the force-displacement plot was typically very jagged. 

Whether the offset yield point was caught on the top or bottom of a spike was somewhat 

random, detracting from the information which was able to be inferred from that value. 

Displacement at maximum force (Figure 15F) was also largely affected by these spikes 

and did not show any statistical significance. Regression stiffness values (Figure 15D) 

were very similar to failure stiffness values (Figure 15A), but did not track the force-

displacement curve as well and so were largely ignored in the analysis. Lastly, final 

displacement (Figure 15G) was simply a measure of when the destructive testing was 

completed and was largely affected by the high percentage of specimens which made it 

all the way to 30 mm of displacement without ever dipping below 75% of the maximum 

force.  

 

As the bone heals, patients become less dependent on the plating. Therefore, a major 

concern is loss of reduction early in the healing process while patients are still recovering 

from surgery. During this period, patients are non-weight bearing and unlikely to 
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experience high loads. The 50% of body weight test was specifically designed to model a 

bedridden patient lying on their side. A lack of significance prior to the yield point 

suggests a buttress plate may not provide a great advantage at low loads. However, our 

results are not clear on this point as displacement at 50% of BW, force at clinical failure, 

failure stiffness, and elastic energy were all trending towards significance. 

 

6. CONCLUSION 

Despite its common use, no studies have attempted to quantify the biomechanical 

advantages of intrapelvic plating for acetabular fractures of the quadrilateral plate. This 

study compared extrapelvic plating alone to dual extrapelvic and intrapelvic plating using 

a cadaveric anterior column with posterior hemitransverse fracture model. Statistical 

significance was reached for yield force, plastic energy, and maximum force, all three of 

which were collected at high loads (> 1000 N). This indicates that the buttressing of an 

intrapelvic plate likely contributes to the ability of the acetabulum to resist catastrophic 

failure. The information reported in this study can assist in the decision making process 

for orthopedic surgeons treating these types of fractures.   
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8. APPENDIX 
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The above plots show the raw data for each specimen’s destructive test with the data for 

the intrapelvic group and the extrapelvic group on the same plot.   
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Subject 
Number Group 

Disp 
at 

50% 
BW Stiffness 

Failure 
Stiffness 

Regression 
Stiffness 

Yield 
Force 

Yield 
Disp 

Max 
Force 

    (mm) (N/mm) (N/mm) (N/mm) (N) (mm) (N) 

1 Extrapelvic 1.10 141.7 137.3 103.7 440.7 4.09 675.9 

2 Extrapelvic 1.32 99.8 154.2 138.8 800.5 7.54 955.2 

3 Extrapelvic 0.92 556.9 532.4 441.4 1377.0 3.09 1980.8 

4 Extrapelvic 0.82 274.1 290.9 219.8 616.6 2.71 1129.8 

5 Extrapelvic 0.48 283.5 302.8 240.4 1251.9 5.12 1310.4 

6 Extrapelvic 2.92 213.2 212.4 195.0 925.8 5.04 1295.1 

7 Extrapelvic 2.00 118.1 138.0 118.5 535.7 4.89 836.9 

8 Extrapelvic 0.51 467.0 523.1 435.4 2206.3 5.13 2678.8 

9 Extrapelvic 0.76 351.3 322.7 306.9 1639.9 5.58 1700.8 

10 Extrapelvic 1.63 401.5 645.0 531.1 2868.2 5.95 3514.3 

1 Intrapelvic 0.79 200.1 180.8 139.3 718.0 4.94 1046.4 

2 Intrapelvic 0.75 176.4 208.5 177.3 1085.8 6.26 1340.2 

3 Intrapelvic 1.56 328.2 572.5 415.4 1764.7 4.60 2108.5 

4 Intrapelvic 0.66 344.5 380.7 305.2 1925.9 6.47 2204.2 

5 Intrapelvic 0.70 193.4 287.5 262.9 1285.6 5.60 2125.7 

6 Intrapelvic 1.11 560.0 691.3 543.2 1401.8 2.68 2213.6 

7 Intrapelvic 1.20 197.2 197.5 163.2 817.7 4.89 1055.1 

8 Intrapelvic 0.52 457.5 579.2 461.0 2293.3 5.02 3109.0 

9 Intrapelvic 0.84 315.2 365.2 361.1 1691.4 4.95 2469.5 

10 Intrapelvic 1.26 524.2 580.8 514.5 2957.5 5.60 3609.0 

 

The above table shows raw data from 50% of body weight and destructive testing.  

 

 

 

 

 

 

 

 

 

 

 

 



 

40 

 

Subject 
Number Group 

Disp 
at 

Max 
Force 

Final 
Disp 

Force 
at 

Clinical 
Failure 

Elastic 
Energy 

Plastic 
Energy 

Offset 
Yield 
Disp 

Offset 
Yield 
Force 

    (mm) (mm) (N) (J) (J) (mm) (N) 

1 Extrapelvic 19.88 25.23 320.1 1084 10906 5.91 537.5 

2 Extrapelvic 26.18 29.99 234.3 2749 17450 6.00 617.3 

3 Extrapelvic 5.59 15.42 1083.7 2450 20633 5.65 1943.4 

4 Extrapelvic 16.69 28.37 551.0 970 23466 4.82 820.8 

5 Extrapelvic 5.44 19.40 665.2 3744 15425 5.84 1162.5 

6 Extrapelvic 10.18 20.51 453.6 2612 17489 7.35 1136.5 

7 Extrapelvic 22.28 30.00 278.9 1433 18046 6.07 561.7 

8 Extrapelvic 21.40 28.84 1105.3 6442 53516 6.54 2373.6 

9 Extrapelvic 6.01 29.99 683.1 5006 35553 6.67 1505.7 

10 Extrapelvic 12.98 20.58 1024.9 9131 46453 6.62 2978.6 

1 Intrapelvic 15.15 30.00 413.0 2067 22051 5.65 659.5 

2 Intrapelvic 11.34 28.05 420.4 3777 23792 7.45 1136.2 

3 Intrapelvic 11.84 14.64 841.6 4105 17634 4.69 1537.6 

4 Intrapelvic 10.51 29.99 812.3 7297 47038 7.28 2009.5 

5 Intrapelvic 14.78 29.33 524.5 3997 42163 7.09 1463.9 

6 Intrapelvic 14.72 18.29 1194.3 2005 29370 4.20 1523.6 

7 Intrapelvic 14.39 30.00 443.8 2263 22184 6.37 862.2 

8 Intrapelvic 30.00 30.00 1183.7 6648 64403 6.40 2546.9 

9 Intrapelvic 27.28 29.99 763.6 4419 51944 7.04 1841.4 

10 Intrapelvic 18.97 24.29 1268.9 9044 60886 6.95 2873.3 

 

The above table shows raw data from 50% of body weight and destructive testing.
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Single variable models - I/E comparison 
 

additional variable model 
 

additional variable model 
 

Outcome est diff SE p-value 
 

IE p-
value 

Beta for 
BMI 

BMI p-
value 

 

IE p-
value Beta for Wt Wt p-value 

 BW Disp -0.31 0.21 0.089 
 

0.091 0.018 0.029 
 

0.091 0.0023 0.051 
 Stiffness 39.0 47.4 0.22 

 
0.22 8.5 0.0023 

 
0.22 1.3 0.0004 

 Fail Stiffness 78.5 46.6 0.063 
 

0.065 11.9 0.0014 
 

0.065 1.8 0.0003 
 Yield F 327.9 118.9 0.011 

 
0.012 31.7 0.072 

 
0.012 5 0.042 

 Yield D 0.19 0.52 0.37 
 

0.37 -0.037 0.12 
 

0.37 -0.005 0.12 
 Abs Max F 520.3 110.0 0.0005 

 
0.0007 42 0.045 

 
0.0007 6.5 0.028 

 Failure Force 146.6 83.2 0.056 
 

0.058 19.9 0.0053 
 

0.058 3.2 0.0011 
 Elastic 

Energy 1000.0 635.1 0.075 
 

0.077 75.8 0.22 
 

0.077 12 0.17 
 Plastic 

Energy 12253 2781.7 0.0009 
 

0.0011 465.5 0.23 
 

0.0011 83.1 0.13 
 

             additional variable model 
 

additional variable model 
 

additional variable model 
 

Outcome 
IE p-
value Beta for Ht Ht p-value 

 

IE p-
value 

Beta for 
BMD 

BMD p-
value 

 

IE p-
value 

Beta for 
XSA 

XSA p-
value 

 BW Disp 0.091 0.0056 <0.0001 
 

0.091 0.002 0.16 
 

0.091 -0.00002 0.99 
 Stiffness 0.22 17.9 0.074 

 
0.22 1.99 <0.0001 

 
0.22 0.8 0.3 

 Fail Stiffness 0.065 19.4 0.16 
 

0.065 2.25 0.0008 
 

0.065 0.8 0.44 
 Yield F 0.012 104 0.0596 

 
0.012 7.09 0.028 

 
0.012 4.63 0.27 

 Yield D 0.37 -0.069 0.35 
 

0.37 -0.004 0.4 
 

0.37 -0.0012 0.83 
 Abs Max F 0.0007 81.2 0.24 

 
0.0007 8.86 0.024 

 
0.0007 3.49 0.49 

 Failure Force 0.058 42.4 0.086 
 

0.058 4.38 0.0003 
 

0.058 1.81 0.33 
 Elastic 

Energy 0.077 216 0.25 
 

0.077 17.4 0.13 
 

0.077 10.6 0.45 
 Plastic 

Energy 0.0011 1999 0.074 
 

0.0011 115.9 0.11 
 

0.0011 155 0.056 
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             additional variable model 
 

additional variable model 
 

additional variable model 
 

Outcome 
IE p-
value 

Beta for 
lmax 

lmax p-
value 

 

IE p-
value 

Beta for 
perim 

perim p-
value 

 

IE p-
value 

Beta for 
lperp 

lperp p-
value 

 BW Disp 0.091 -0.015 0.22 
 

0.091 -0.0026 0.86 
 

0.091 0.0129 0.72 
 Stiffness 0.22 -8.55 0.055 

 
0.22 4.48 0.42 

 
0.22 18.1 0.17 

 Fail Stiffness 0.065 -12.1 0.038 
 

0.065 3.5 0.64 
 

0.065 20.6 0.25 
 Yield F 0.012 -49.7 0.035 

 
0.012 21.5 0.47 

 
0.012 107 0.13 

 Yield D 0.37 -0.0124 0.72 
 

0.37 -0.012 0.76 
 

0.37 -0.013 0.89 
 Abs Max F 0.0007 -59.9 0.041 

 
0.0007 16.6 0.65 

 
0.0007 94.3 0.29 

 Failure Force 0.058 -20 0.065 
 

0.058 9.49 0.48 
 

0.058 41.6 0.2 
 Elastic 

Energy 0.077 -145 0.075 
 

0.077 48.9 0.62 
 

0.077 274 0.26 
 Plastic 

Energy 0.0011 -1014 0.046 
 

0.0011 1083 0.06 
 

0.0011 3192 0.02 
 

             The above tables show the results from the repeated measures analysis of variance, employing an unstructured covariance matrix. IE 

p-values represent the new p-value once that independent variable is taken into account by the model. Only one independent variable 

was modelled at a time due to the low sample size (n=10) and no p-values changed notably from the Wilcoxon matched pairs t-test. 

Bolded values indicate that the dependent variables showed a statistically significant correlation with the independent variables, 

regardless of group. The independent variables taken into account were Body Mass Index (BMI), Weight (Wt), Height (Ht), Bone 

Mineral Density (BMD), and several morphometric measurements taken from the superior pubic rami: Cross Sectional Area (XSA), 

Max Diameter (lmax), Perimeter (perim), and Perpendicular Diameter to the Max (lperp). 



 

43 

 

9. REFERENCES 

1. Hessmann, M.H., S. Nijs, and P.M. Rommens, [Acetabular fractures in the elderly. 

Results of a sophisticated treatment concept]. Unfallchirurg, 2002. 105(10): p. 893-900. 

2. Carroll, E.A., et al., Treatment of acetabular fractures in an older population. J Orthop 

Trauma, 2010. 24(10): p. 637-44. 

3. Ferguson, T.A., et al., Fractures of the acetabulum in patients aged 60 years and older: 

an epidemiological and radiological study. J Bone Joint Surg Br, 2010. 92(2): p. 250-7. 

4. Guerado, E., J.R. Cano, and E. Cruz, Fractures of the acetabulum in elderly patients: an 

update. Injury, 2012. 43 Suppl 2: p. S33-41. 

5. Centers for Disease Control and Prevention, The State of Aging and Health in America 

2013, U.S. Department of Health and Human Services, Editor. 2013: Atlanta, GA. 

6. Mears, D.C., Surgical treatment of acetabular fractures in elderly patients with 

osteoporotic bone. J Am Acad Orthop Surg, 1999. 7(2): p. 128-41. 

7. Lonner, J.H. and K.J. Koval, Polytrauma in the elderly. Clin Orthop Relat Res, 

1995(318): p. 136-43. 

8. Routt, M.J., Surgical treatment of acetabular fractures, in Skeletal Trauma. 2008, 

Saunders Elsevier: Philadelphia. p. 1171-1218. 

9. Mears, D.C. and J.H. Velyvis, Acute total hip arthroplasty for selected displaced 

acetabular fractures: two to twelve-year results. J Bone Joint Surg Am, 2002. 84-A(1): p. 

1-9. 

10. Pagenkopf, E., et al., Acetabular fractures in the elderly: treatment recommendations. 

HSS J, 2006. 2(2): p. 161-71. 

11. Letournel, E., R. Judet, and R. Elson, Fractures of the Acetabulum. 2nd ed. 1993, New 

York: Springer-Verlag. 

12. Helfet DL, C.E., The elderly patient with an acetabular fracture. , in Fractures of the 

pelvis and acetabulum. Forthcoming, Lippincott Williams & Wilkins Philadelphia. 

13. Laflamme, G.Y., et al., Internal fixation of osteopenic acetabular fractures involving the 

quadrilateral plate. Injury, 2011. 42(10): p. 1130-4. 

14. Helfet, D.L., et al., Stabilization of acetabular fractures in elderly patients. J Bone Joint 

Surg Am, 1992. 74(5): p. 753-65. 

15. Qureshi, A.A., et al., Infrapectineal plating for acetabular fractures: a technical adjunct 

to internal fixation. J Orthop Trauma, 2004. 18(3): p. 175-8. 

16. Giannoudis, P.V., et al., Operative treatment of displaced fractures of the acetabulum. A 

meta-analysis. J Bone Joint Surg Br, 2005. 87(1): p. 2-9. 

17. Giordano, V., et al., Functional Outcome after Operative Treatment of Displaced 

Fractures of the Acetabulum: A 12-month to 5-year Follow-up Investigation. Eur J 

Trauma Emerg Surg, 2007. 33(5): p. 520-7. 

18. Matta, J.M., Fractures of the acetabulum: accuracy of reduction and clinical results in 

patients managed operatively within three weeks after the injury. J Bone Joint Surg Am, 

1996. 78(11): p. 1632-45. 

19. White, G., et al., Quadrilateral plate fractures of the acetabulum: an update. Injury, 

2013. 44(2): p. 159-67. 

20. Kumar, A., et al., Operative management of acetabular fractures. A review of 73 

fractures. Injury, 2005. 36(5): p. 605-12. 

21. Cole, J.D. and B.R. Bolhofner, Acetabular fracture fixation via a modified Stoppa limited 

intrapelvic approach. Description of operative technique and preliminary treatment 

results. Clin Orthop Relat Res, 1994(305): p. 112-23. 



 

44 

 

22. Mears, D.C., J.H. Velyvis, and C.P. Chang, Displaced acetabular fractures managed 

operatively: indicators of outcome. Clin Orthop Relat Res, 2003(407): p. 173-86. 

23. Hirvensalo, E., J. Lindahl, and O. Bostman, A new approach to the internal fixation of 

unstable pelvic fractures. Clin Orthop Relat Res, 1993(297): p. 28-32. 

24. Hirvensalo, E., J. Lindahl, and V. Kiljunen, Modified and new approaches for pelvic and 

acetabular surgery. Injury, 2007. 38(4): p. 431-41. 

25. Desserud, K.F., T. Veen, and K. Soreide, Emergency general surgery in the geriatric 

patient. Br J Surg, 2016. 103(2): p. e52-61. 

26. Lester, L., Anesthetic Considerations for Common Procedures in Geriatric Patients: Hip 

Fracture, Emergency General Surgery, and Transcatheter Aortic Valve Replacement. 

Anesthesiol Clin, 2015. 33(3): p. 491-503. 

27. Partridge, J.S., et al., The impact of pre-operative comprehensive geriatric assessment on 

postoperative outcomes in older patients undergoing scheduled surgery: a systematic 

review. Anaesthesia, 2014. 69 Suppl 1: p. 8-16. 

28. Laing, A.C. and S.N. Robinovitch, Characterizing the effective stiffness of the pelvis 

during sideways falls on the hip. J Biomech, 2010. 43(10): p. 1898-904. 

29. Robinovitch, S.N., W.C. Hayes, and T.A. McMahon, Distribution of contact force during 

impact to the hip. Ann Biomed Eng, 1997. 25(3): p. 499-508. 

30. Rubenstein, L.Z. and K.R. Josephson, The epidemiology of falls and syncope. Clin 

Geriatr Med, 2002. 18(2): p. 141-58. 

31. Culemann, U., et al., Different stabilisation techniques for typical acetabular fractures in 

the elderly--a biomechanical assessment. Injury, 2010. 41(4): p. 405-10. 

 

 

 

  



 

45 

 

Chapter III: Evaluating a Novel Incremental Syringe for 

Accuracy and Precision 
 

Gregory J. Gillispie
1,2

, Majid Mirzazadeh
3
, Philip J. Brown

1,2 

 

1
Virginia Tech – Wake Forest University Center for Injury Biomechanics, 

Winston-Salem, NC  

 

2
Wake Forest Innovations, 

Winston-Salem, NC 

 

3
Wake Forest University School of Medicine, Department of Urology,  

Winston-Salem, NC 

 
 



 

46 

 

1. ABSTRACT 

Purpose: Traditional syringes require the user to visually estimate the correct volume. 

This is problematic for procedures which require a great level of accuracy or precision, 

when a high number of small doses are being delivered, or when the user must visually 

monitor other information simultaneously. An incremental syringe, which provides the 

user with audible (a “click”) and tactile (resistance from the plunger) feedback after each 

set increment, has been prototyped to resolve this problem.  

Methods: Incremental and traditional syringes were used to dispense 1.0 mL with three 

different needle sizes. 14 volunteers dispensed 8 consecutive mL for each needle and 

syringe combination.  

Results: Traditional and incremental syringe doses were off by -3.2% and -2.5%, 

respectively. Accuracy differences were identified between syringe types at 14 and 18 

gauge needles. The coefficient of variation was 3.5% for the traditional syringe and 1.2% 

for the incremental syringe (p < 0.0001). Higher variation between needle sizes and 

subjects was found for traditional syringes, but not for incremental syringes. 13/14 

volunteers were more accurate and 13/14 more precise with the incremental syringe.  

Conclusions: While these differences were statistically significant, they may not be 

clinically relevant. The incremental syringe’s main advantage is its ease of use. The 

results of this study indicate it is at least as accurate and precise, if not more so, than the 

syringes currently in use, making it a promising medical device for the future.   
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2.  INTRODUCTION 

Syringes are one of the most commonly used medical devices in the world today. They 

are cheap, simple, and widely accepted in medical practice. However, they have a major 

flaw which is often overlooked: syringes require the user to visually “eyeball” how much 

fluid has been aspirated or ejected. This can have negative consequences for the accuracy 

of dosage, the speed of the procedure, and the device’s ease of use.  One simple solution 

that has been suggested is an incremental syringe which provides a slight resistance and 

an audible “click” after each specified increment. Such a device has already been 

designed and prototyped for a 10 mL syringe with 1 mL increments.  

Once an excess of a medication is injected into the body, there is no way to bring it back. 

Certain medications can be dangerous if overdosed even by small amounts. Some of 

these medications, such as Lidocaine, can require multiple injections during the same 

procedure which allows the error to accumulate. Other medications are sensitive to 

under-dosing and can lose their efficacy if not administered accurately [1]. Additionally, 

visually monitoring the syringe can be difficult in some scenarios. The syringe cannot be 

brought to eye level if aspirating from a large container or from a hanging storage capsule 

and positioning can be awkward if injecting into a patient.  

The deficiencies of a traditional syringe are most apparent in procedures where the user’s 

vision must be focused elsewhere. The original inspiration behind the development of an 

incremental syringe was for injecting onabotulinumtoxinA for overactive bladders. 

During this procedure, the clinician must keep their eyes on a screen to monitor the 

location of the needle while administering 1 mL doses of Botox in up to 30 different 
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locations on the patient’s bladder [2]. It is impossible to simultaneously view both the 

volume of the syringe and the location of the needle during this procedure. An assistant 

makes the method feasible by monitoring the syringe volume and verbalizing to the 

physician when to stop injecting. Unfortunately, this increases the variability and 

inaccuracy of injections. Accidental overdose early in the procedure can cause the 

medication to run out before all 30 locations are treated. The incremental syringe should 

increase dosage accuracy and precision, reduce procedural difficulty, reduce procedure 

time, and eliminate the need for an assistant. It is hypothesized that the incremental 

syringe’s strongest clinical application and biggest impact will be for procedures such as 

this which call for numerous, accurate, and precise injections and/or which demand the 

user’s vision to be focused elsewhere.  

The literature on syringe performance is somewhat limited. In studies which focused 

specifically on syringe accuracy, the results are generally agreeable [3-5]. Thobani & 

Steward [3] found that syringes tend to underdose, but only looked at dosages 1.0 mL and 

greater. Lee et al. [4] found solely underdosing at volumes greater than 1.0 mL, but a mix 

of under and over dosing with volumes under 1 ml. Meanwhile, Erstad et al. [5] found 

that syringes tended to overdose volumes, but only looked at doses of 0.5 mL. Thobani 

and Erstad both found dosing to be more accurate when using smaller syringes for the 

same volume, but Lee found no differences. However, a possible limitation of these 

studies is the failure to take into account differences between people. The Thobani and 

Erstad studies both only had a single syringe operator while the Lee study only had two 

operators. A majority of the literature which looks at syringe accuracy compares the vial 
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and syringe method to pen injectors for insulin delivery in diabetic patients [6]. It has 

been concluded that syringe users have difficulty with accuracy at small volumes (≤ 1.0 

mL) and pen injectors are the preferred method of insulin delivery at those dosages [7-

11]. Several studies have also looked at syringe accuracy for even smaller doses (≤ 0.1 

mL) for intraocular delivery [12-14]. These studies found a higher degree of inaccuracy 

than their larger volume counterparts (Table 6).  

Table 6. Overview of Previous Studies on Syringe Accuracy and Precision 

  
Thobani & 

Steward [3] 

Lee et al. 

[4] 

Erstad et al. 

[5] 

Raju & 

Weinberg 

[12] 

Meyer et 

al. [13] 

Sampat et 

al. [14] 

       
Number of 

Operators 
1 2 1 Unknown 11 3 

       
Volumes 

Tested (mL) 
1 to 5 0.25 to 12 0.5 0.05 to 0.1 0.05 ml 0.05 to 0.1 

       
Syringes Used 

(mL) 
1 to 20  1 to 12 1 to 5  1 1 0.5 to 1  

       
Over or Under 

Dose 
Under 

Mostly 

Under 
Mostly Over Under Over 

Mostly 

Over 

       
Accuracy    

(%) 
-3.0 to +1.6  -2.2 to +1.8  -0.2 to +16.6  -7.8 to -14.0  7.5 -1.8 to +5.8  

       
Coefficient of 

Variation (%) 
0.5 to 5.5 0.2 to 1.3  1.1 to 63.0  6.5 to 14.0  11.9 2.0 to 7.6  

              

 

Precision also suffers as the volume of dosage decreases [3, 4]. An even stronger 

relationship exists between syringe size and precision. Among studies which examined 

syringe size, each one found a negative relationship between precision and syringe size 
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[3-5, 14]. Dosing becomes even more variable when combining small volumes with large 

syringe sizes. In the Thobani & Steward study for example, the largest coefficients of 

variation occurred when the smallest dose tested was ejected by the two largest syringes 

used. At 1.0 mL, the 10 mL syringe had a coefficient of variation of 4.3% while the 20 

mL syringe had one of 5.5%. In Figure 18, data has been pooled from six studies. 

Coefficient of variation (standard deviation as a percentage of dose volume) has been 

plotted against intended dose volume as a percentage of syringe size (i.e. a 1.0 mL dose 

from a 10 mL syringe would be 10%). It is clear both within studies and across them that 

the coefficient of variation increases as syringe size increases relative to intended dose, 

especially for relative volumes below 15%. 

 
Figure 18. Coefficients of variation for six studies which examined reproducibility as it relates to 

changing dosage and syringe size.  

*Note: One data point was excluded from Erstad et al. An extreme coefficient of variation of 63% 

was found at a 10% dosage to syringe size ratio.  

 

Overall, traditional syringes are reasonably accurate and precise for most applications. 

However, accuracy and precision are lacking for very small doses (≤ 1.0 mL) and 
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precision is also lacking for doses which are small relative to the syringe size being used. 

In the case of onabotulinumtoxinA for overactive bladders, 1.0 mL injections are being 

administered with a 10 mL syringe. The aim of this study is to compare the accuracy and 

reproducibility at injecting 1.0 mL of a 10 mL traditional syringe to that of a 10 mL 

incremental syringe with 1.0 mL increments.   

3.  METHODS 

66 BD 10 mL Syringes [Becton, Dickinson and Company, Franklin Lakes, NJ] were used 

in this study. Half of the syringes were converted from traditional to incremental syringes 

by switching out the original plunger with the prototyped incremental design (Figure 19).  

14 volunteer graduate students served as syringe operators. Operators were instructed to 

withdraw 9.0 mL of water and then inject it 1.0 mL at a time for eight consecutive 

milliliters. The first milliliter (from 10 to 9 mL) and the last milliliter (from 1 to 0 mL) 

were not used. Injections were done into a cup with a plastic wrap seal over the top to 

prevent splashing. Between each injection, weight was recorded using a Practum balance 

[Sartorius, Goettingen, Germany] which was zeroed prior to each measurement. 

Afterwards, weight was converted to volume using the specific gravity of water, assumed 

to be 1000 mg/mL. In addition to the two syringe types, three needle sizes were also 

evaluated: 14, 18, and 23 gauges. Each operator performed the assessment for all needle 

size and syringe style combinations. The order of testing was randomized for each 

operator to minimize the effect of learning. However, the operators were not healthcare 

professionals or regular syringe users. They were therefore given a practice session 
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before testing to familiarize themselves with the syringes, the different needle sizes, and 

the new incremental plunger.  

 

Preliminary data was also collected for three subjects in order to evaluate speed. The 

same tests described in the previous paragraph were performed, except tests were not 

conducted on a scale and elapsed time was recorded. Accuracy could not be evaluated, 

but users also did not have to pause while the scale adjusted and was zeroed between 

each of the eight 1.0 mL injections.  

 

 
Figure 19. Traditional (left) and incremental (right) syringes with 14 (top), 18 (middle), and 23 

(bottom) gauge needles.  

 

Data was analyzed using JMP 12.0.1 [SAS Institute Inc., Cary, NC]. Precision of dosage 

volumes were compared using Bartlett’s Test for unequal variances. If differences in 

variances were found, a Welch’s ANOVA was performed to detect differences in means. 

If group variances were equal, a standard one-way ANOVA was used.  
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4.  RESULTS 

In all, 8 measurements were made per test, 48 per operator, 224 per needle size, 336 per 

syringe type, and 672 in total. The average dose overall was 0.97 mL or 3% lower than 

the intended volume. Under dosing was common, with only 10.0% of injections being 

greater than 1.0 mL. The incremental syringe was more accurate than the traditional 

syringe for the 14 gauge needle (p = 0.006), the 18 gauge needle (p = 0.026), and the 23 

gauge needle (p = 0.139), although statistical significance was only found for the 14 and 

18 gauge needles. No differences were found when comparing the accuracy of different 

needle sizes for either the traditional or incremental syringe (Table 7). Volume standard 

deviations were approximately three times higher for traditional syringes than for 

incremental syringes for all needle sizes (p < 0.001 for all gauges). Additionally, the 

traditional syringe showed significant variation between needle sizes (p < 0.001) while 

the incremental syringe showed no difference in variance between needles (p = 0.3983). 

These results are summarized below. Raw data can be found in the appendix.  
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Accuracy and Precision of Syringes 

 

 

Volume (mL) 

 

Standard Deviation 

          

1
4

 g
a

. 

Traditional 0.9657 (-3.4%) 
* 

 

0.0294 (3.0%) 
* 

Incremental 0.9739 (-2.6%) 

 

0.0109 (1.1%) 

 
         

1
8

 g
a

. 

Traditional 0.9689 (-3.1%) 
* 

 

0.0318 (3.3%) 
* 

Incremental 0.9762 (-2.4%) 

 

0.0123 (1.3%) 

 
         

2
3

 g
a

. 

Traditional 0.9693 (-3.1%) 
  

0.0414 (4.3%) 
* 

Incremental 0.9754 (-2.5%) 

 

0.012 (1.2%) 

          

T
ra

d
it

io
n

a
l 

         
14 ga. 0.9657 (-3.4%) 

 
 

0.0294 (3.0%) 

* 18 ga. 0.9689 (-3.1%) 

 

0.0318 (3.3%) 

23 ga. 0.9693 (-3.1%) 

 

0.0414 (4.3%) 

In
cr

em
en

ta
l 

         
14 ga. 0.9736 (-2.6%) 

 
 

0.0109 (1.1%) 

 18 ga. 0.9762 (-2.4%) 

 

0.0123 (1.3%) 

23 ga. 0.9754 (-2.5%) 

 

0.012 (1.2%) 

           

Table 7. Volumes are presented as a mean and (accuracy [%]). A p-value 

of less than 0.05 was considered statistically significant using Welch's 

ANOVA allowing for unequal variances (*). Standard deviations from the 

sample are reported with (coefficients of variation [%]). A p-value of less 

than 0.05 was considered statistically significant using Bartlett's Test for 

unequal variances (*). 

 

The box-and-whisker plots below (Figure 20) show the distribution of doses (1.0 mL 

intended volume) for all combinations of syringe type and needle size. Each dot 

represents a single dose. Volumes dispensed by incremental syringes are much more 

clustered than for the traditional syringe.  Incremental syringe volumes ranged from 
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0.946 to 1.023 mL with an interquartile range of 0.015 mL. Traditional syringe volumes 

ranged from 0.865 to 1.067 with an interquartile range of 0.043 mL.  

 

  
Figure 20. Volumes of individual doses for all syringe types and needle sizes.  

 

Taking into account subject differences, only 1/14 subjects were more accurate with the 

traditional syringe than with the incremental syringe (Figure 21) and only 1/14 were more 

precise (Figure 22). Using Bartlett’s Test for unequal variances, no difference between 

subjects was detected (p = 0.142) when using the incremental syringe. A one-way 

ANOVA also did not detect any differences between subjects in average volume 

dispensed for the incremental syringe (p = 0.264). However, for the traditional syringe, 

Bartlett’s Test for unequal variances did detect a difference among subjects (p < 0.001). 

Taking into account unequal variances, Welch’s ANOVA did not find any differences 

between subjects for mean injection volume (p = 0.331).  
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Figure 21. Traditional versus incremental syringes for average volume injected (1.0 mL intended 

volume) by each individual user.  

 

 
Figure 22. Traditional versus incremental syringes for standard deviations within each individual 

user.  

 

Preliminary data gathered from the three subjects who performed speed tests is shown in 

Figure 23. On average, the incremental was 15 seconds (or 50%) faster than a traditional 

syringe at dispensing 8 consecutive 1.0 mL volumes.   
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Figure 23. Average procedure time by needle size and syringe type.  

 

5. DISCUSSION  

The ISO requirements for syringe accuracy stand at approximately 5% of the intended 

volume [15]. Both the traditional and incremental syringes were within ISO standards at  

-3.2% and -2.5%, respectively. The incremental syringe was statistically significantly 

more accurate with 14 and 18 gauge needles while no difference was found with 23 

gauge needles. 13 out of 14 study participants were more accurate with the incremental 

syringe. The incremental syringe was statistically more precise for all needle sizes. 

Additionally, the incremental syringe’s variability did not change significantly between 

needle sizes or participants, but the traditional syringe did for both. 13 out of 14 

participants had less variability between dose volumes when using the incremental 

syringe. When examining this study’s results for the traditional syringe, accuracy and 

precision are similar or slightly improved compared to previous studies. Thobani & 
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Steward [3] were the only experiment which included 1.0 mL injections by a 10 mL 

syringe and found an accuracy of -3.0% and a standard deviation of 0.042.  

 

Overall, the incremental syringe was both more accurate and more precise than the 

traditional syringe. While statistical significance was reached, it should be noted that the 

differences may not have reached clinical significance, at least in terms of accuracy, for 

most procedures. The improvement of the incremental syringe (from -3.2% to -2.5% 

accuracy) only amounts to 0.007 mL for a 1.0 mL injection. Variance showed differences 

that would be more relevant clinically. Standard deviations were about 3 times larger for 

the traditional syringe than they were for the incremental syringe. It is probably unlikely, 

although certainly possible, that the incremental syringe would replace the traditional 

syringe for all applications. Rather, its niche is for procedures which call for numerous, 

accurate, and precise injections and/or which demand the user’s vision to be focused 

elsewhere. It can be stated that the incremental syringe is clinically at least as accurate 

and as precise as a traditional syringe and its increased speed and ease of use are 

beneficial to clinicians performing procedures such as those.  

 

In addition to possibly having too much statistical power, this study had several other 

limitations which should be taken into account. For one, subjects were graduate students 

and were not as experienced as the clinicians who ordinarily handle syringes and would 

potentially use an incremental syringe. Injections were also given consecutively from the 

same syringe. When a subject over or under dosed on a particular injection, the following 

one would typically be incorrect in the opposite direction. This makes the results of this 
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study more realistic when compared to multiple injection procedures such as 

onabotulinumtoxinA for overactive bladders, but less applicable to procedures which 

have only one injection per syringe. Subjects additionally all had prior experience with 

traditional syringes, but none had operated an incremental syringe before. Subjects were 

given the opportunity to practice with both syringe types prior to testing, but it is possible 

that accuracy and precision would improve even further with experience. Simultaneously, 

the Hawthorne effect may have played a role in this study. Participants were aware they 

were being observed for accuracy and may have been more careful than they would have 

otherwise. Accuracy and precision for both syringe types may have been artificially 

inflated as a result, although the traditional syringe would likely be more prone to 

mistakes of carelessness.   

 

6. CONCLUSION 

A novel syringe plunger has been designed to provide users with tactile and audible 

feedback after every set increment is dispensed. This allows the incremental syringe to be 

utilized without visual monitoring of the syringe volume. When compared to a traditional 

syringe, the incremental syringe showed improvement in accuracy. The incremental 

syringe also decreased variability both across users and within the same individuals. The 

magnitude of these improvements are potentially not of clinical importance, but still 

show the incremental syringe to be a viable device for procedures which require 

numerous, accurate, and precise injections or in which the user is unable to monitor the 
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syringe during the injection process. This along with its ease of use makes it a promising 

device for the future.  
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8. APPENDIX 

Subject 
Syringe 

type 
Gauge 

w1 

(g) 

w2 

(g) 

w3 

(g) 

w4 

(g) 

w5 

(g) 

w6 

(g) 

w7 

(g) 

w8 

(g) 

1 trad 23 0.967 0.966 0.977 0.93 0.946 0.957 0.975 0.929 

1 trad 14 1.003 0.96 0.981 0.974 0.93 0.982 0.959 0.941 

1 incr 23 0.983 0.97 0.967 0.966 0.949 0.982 0.964 0.966 

1 trad 18 1.051 0.925 1.029 0.946 0.947 0.965 0.951 0.989 

1 incr 18 0.98 0.986 0.979 0.979 0.971 0.982 0.965 0.966 

1 incr 14 0.967 0.959 0.986 0.962 0.967 0.975 0.97 0.993 

2 incr 18 0.97 0.98 0.975 0.968 0.967 0.965 0.962 0.959 

2 incr 14 0.979 0.979 0.98 0.968 0.971 0.964 0.961 0.955 

2 trad 18 0.941 0.934 0.987 1.044 0.914 0.987 0.929 1.011 

2 trad 14 1.025 1.045 0.987 0.897 1.003 0.992 0.93 0.943 

2 incr 23 0.978 0.98 0.976 0.996 0.957 0.982 0.968 1.042 

2 trad 23 1.064 0.972 0.897 0.98 0.989 0.948 0.876 1.028 

3 incr 23 0.979 0.979 0.986 0.966 0.979 0.976 0.973 0.964 

3 incr 14 0.988 0.983 0.973 0.978 0.971 0.966 0.976 0.972 

3 trad 18 1.018 0.939 0.963 0.969 0.945 0.949 0.96 0.952 

3 incr 18 0.994 1.012 0.97 0.986 0.955 0.977 0.956 0.971 

3 trad 23 0.984 0.916 0.914 1.013 0.871 0.979 0.978 0.943 

3 trad 14 0.959 0.983 0.921 0.99 0.957 1.001 0.951 0.993 

4 trad 14 1.021 0.943 0.973 0.979 0.943 1.004 0.937 0.971 

4 trad 23 1.022 0.954 0.982 0.942 0.988 0.94 0.97 0.947 

4 incr 23 0.973 0.996 0.981 0.991 0.968 0.953 0.97 0.979 

4 incr 18 0.979 0.977 0.977 0.98 0.96 0.995 0.986 0.975 

4 trad 18 0.962 0.969 0.982 0.988 0.939 0.966 0.965 0.972 

4 incr 14 0.982 0.982 0.962 0.993 0.962 0.98 0.979 0.972 

5 trad 14 0.973 0.977 1.006 0.953 0.988 0.972 0.97 0.944 

5 incr 23 0.991 0.988 0.969 0.97 0.968 0.963 0.983 0.955 

5 trad 18 1.006 0.978 0.978 0.967 0.98 0.936 0.995 0.986 

5 trad 23 1.036 0.938 0.98 0.931 0.997 0.933 0.985 0.955 

5 incr 14 0.984 0.978 0.971 0.983 0.964 0.97 0.963 0.966 

5 incr 18 0.984 0.971 0.969 0.982 0.968 0.98 0.978 0.974 

6 incr 23 0.946 0.985 0.978 0.983 0.958 0.969 0.97 0.968 

6 incr 18 0.986 0.982 0.979 0.968 0.959 0.977 0.963 0.981 

6 trad 14 0.95 0.925 0.956 0.98 0.882 0.936 0.947 0.898 

6 incr 14 0.974 0.984 0.972 0.981 0.958 0.971 0.957 0.97 

6 trad 23 0.866 1.032 0.96 0.941 0.986 0.972 0.956 1.141 

6 trad 18 0.902 1.031 0.958 1.004 0.907 0.93 0.993 0.974 

7 trad 18 0.929 0.99 0.959 0.996 0.953 0.966 0.928 0.969 
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Subject 
Syringe 

type 
Gauge 

w1 

(g) 

w2 

(g) 

w3 

(g) 

w4 

(g) 

w5 

(g) 

w6 

(g) 

w7 

(g) 

w8 

(g) 

7 incr 18 0.955 0.991 0.967 0.976 0.973 0.974 0.988 0.958 

7 trad 14 0.959 0.992 0.955 0.933 0.989 0.969 0.947 0.954 

7 incr 23 0.972 0.983 0.985 0.982 0.973 0.986 0.969 0.975 

7 incr 14 0.991 0.996 0.978 0.969 0.971 0.965 0.962 0.96 

7 trad 23 0.976 0.964 0.961 0.92 0.96 0.92 1.027 0.977 

8 incr 23 0.989 0.976 0.981 0.974 0.972 0.957 0.972 0.959 

8 trad 18 0.965 0.958 0.96 0.949 0.965 0.95 0.957 0.997 

8 incr 14 0.957 0.979 0.969 0.968 0.984 0.976 0.963 0.964 

8 trad 14 0.961 0.973 0.948 0.991 0.938 0.971 0.92 0.949 

8 trad 23 0.963 0.948 0.933 0.958 0.988 0.942 0.996 0.913 

8 incr 18 0.97 0.982 0.972 0.972 0.966 0.982 0.983 0.981 

9 trad 23 0.975 0.958 0.999 0.946 0.964 0.991 0.991 0.983 

9 trad 14 0.97 0.955 0.987 0.968 0.988 0.938 0.97 0.97 

9 incr 23 0.98 1 0.966 0.987 0.975 0.972 0.969 0.966 

9 incr 14 0.96 0.984 0.972 0.98 0.959 0.978 0.954 0.969 

9 incr 18 1.116 0.987 0.98 0.972 0.984 0.978 0.955 0.981 

9 trad 18 0.963 0.963 0.973 0.985 0.946 0.986 0.94 0.987 

10 incr 18 0.992 0.996 0.964 0.989 0.974 0.963 0.949 0.963 

10 trad 23 0.996 1.014 0.916 0.977 0.989 0.938 1.006 1.015 

10 incr 14 1.023 0.98 0.975 0.989 0.965 0.978 0.967 0.964 

10 trad 18 0.976 0.956 0.991 0.959 0.968 1.008 0.985 0.921 

10 trad 14 0.98 1.025 0.94 0.998 0.891 1.014 0.95 0.938 

10 incr 23 0.981 0.987 0.977 0.968 0.966 0.972 0.977 0.957 

11 incr 18 0.993 0.975 0.995 0.978 1.01 0.947 0.957 0.995 

11 trad 14 0.945 0.964 0.988 0.971 0.965 0.97 0.947 1.015 

11 incr 23 0.956 1.004 0.992 0.986 1.077 0.897 0.971 0.998 

11 incr 14 0.981 0.986 0.976 0.968 0.968 0.972 0.962 0.974 

11 trad 18 0.995 0.948 0.963 0.998 0.962 0.98 0.959 0.997 

11 trad 23 0.968 1.024 1.02 0.87 1.03 0.998 0.869 1.059 

12 trad 18 0.976 0.974 0.988 0.97 0.976 0.938 1.005 0.935 

12 incr 18 0.978 0.994 0.984 0.983 0.967 0.985 0.961 0.984 

12 trad 14 1.017 0.929 0.995 0.954 0.984 0.976 0.968 0.943 

12 incr 14 0.983 0.985 0.973 0.973 0.968 0.973 0.967 0.962 

12 incr 23 0.984 0.994 0.963 0.996 0.951 0.986 0.972 0.972 

12 trad 23 0.973 0.982 0.976 0.977 0.944 1.007 0.944 0.992 

13 trad 23 0.992 0.95 0.985 1.03 0.916 0.948 0.974 0.947 

13 incr 18 0.979 1.001 0.973 0.986 0.969 0.973 0.972 0.95 

13 incr 14 0.988 0.994 0.977 0.983 0.965 0.984 0.969 0.975 

13 trad 18 0.98 0.96 0.94 0.979 1.041 0.865 0.993 0.992 

13 incr 23 0.979 0.977 1.003 0.983 0.989 0.984 0.975 0.99 
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Subject 
Syringe 

type 
Gauge 

w1 

(g) 

w2 

(g) 

w3 

(g) 

w4 

(g) 

w5 

(g) 

w6 

(g) 

w7 

(g) 

w8 

(g) 

14 incr 18 1.001 0.974 0.817 1.14 0.968 0.982 0.978 0.987 

14 trad 14 1.003 1.097 0.953 0.959 0.967 0.942 1.116 0.939 

14 trad 23 1.067 0.964 1.033 0.971 1.015 0.897 1.006 1.049 

14 incr 23 0.987 0.982 0.971 0.974 0.972 0.962 0.948 0.971 

14 trad 18 1.324 1.036 1.048 0.991 0.942 0.948 0.898 0.956 

14 incr 14 0.962 1.006 0.975 0.98 0.975 0.979 0.966 0.982 

 

The above table lists the raw data for each test. Each subject tested both syringe types 

(traditional and incremental) for three different needle sizes (14, 18, and 23 gauge) by 

dispensing 8 milliliters of water 8 consecutive times from the same syringe.   
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CHAPTER IV: SUMMARY OF RESEARCH 

The research presented in this thesis has yielded important contributions to the 

clinical field. Through biomechanical techniques, experimental testing, and subsequent 

data analysis, the following objectives have been completed: 

1. Compare the stability and stiffness of extrapelvic and intrapelvic fixation methods 

in a cadaveric model representing a bedridden patient lying on their side. 

2. Compare the stability and stiffness of extrapelvic and intrapelvic fixation methods 

under catastrophic loading. 

3. Compare the ability of an incremental syringe to provide accurate 1.0 mL 

injection volumes to that of a traditional syringe. 

4. Compare the inter and intra-user precision of an incremental syringe at providing 

dosing for a 1.0 mL intended injection volume to that of a traditional syringe.  

Quantification of differences from Chapter II will assist in orthopedic surgeon 

planning and decision making for acetabular fractures among the elderly. Chapter III will 

assist in gaining traction for the incremental syringe as a valuable medical device. The 

methodology presented here can also be used in a number of applications. Research 

presented in Chapter II and III are expected to be published in the scientific journals 

listed in   Table 8. Research presented in Chapter III will also be used to attract licensees 

for the incremental syringe device.  
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  Table 8. Publication plan for research outlined in this thesis. 

Chapter Topic Journal  

II A Biomechanical Comparison of 

Extrapelvic and Intrapelvic Fixation 

for Acetabular Fractures of the 

Quadrilateral Plate 

Journal of Biomechanics 

III Evaluating a Novel Incremental 

Syringe for Accuracy and Precision 

American Journal of Health-

System Pharmacy 

†Published 

*Submitted 
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