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Abstract

Radiologists currently diagnose shunt blockage in hydrocephalus patients by subjective visual scrutiny of CT images, which is complicated by the complexity of the ventricular system and by differences in scanning angles across sessions.  The current research focused on developing an agar phantom that is adequately comparable to a real brain, to be used to verify the accuracy of a computer algorithm designed to calculate the volume of the ventricular system based on CT images.  The phantoms developed consisted of a water-filled space contained within an agar body.  Both a simple and a complex phantom were developed, neither of which had the water contained within an unrealistic plastic or rubber membrane, and both of which used agar and water, which approximated the densities and textures of real brain tissue and cerebral spinal fluid, respectively.  The complex model came near in structural complexity to the human ventricular system.  Verification of the algorithm using various models with known ventricular volumes produced accuracies with a percent error all below 5.68%, with an average of 2.36%.  Future research should use the models to determine the smallest detectable change that the algorithm can detect in order to continue to assess the applicability of the algorithm in a clinical setting.  

Introduction

Hydrocephalus patients whose intraventricular pressure has been relieved via ventriculoperitoneal shunt insertion, run a high probably of experiencing shunt failure at one time or another following insertion of the shunt (Lin et al., 2003; Tuli et al., 1999).  The diagnosis of suspected shunt failure based on observable symptoms in these patients is extremely difficult, as these symptoms, including headache, nausea and increased drowsiness, are non-specific for increased intracranial pressure (Sze et al., 2003a; Mesiwala et al., 2002).  The non-specificity of these symptoms has made visual assessment of ventricular enlargement a critical factor in determining whether a shunt has been blocked (Sze et al., 2003a; Sze et al., 2003b; Mesiwala et al., 2002).

In order to determine whether there is an occurrence of ventriculomegaly, radiologists compare CT scans of the brain at the time of suspected shunt failure to baseline CT images that were taken following the initial shunt insertion (Sze et al., 2003a; Sze et al., 2003b).  However, these comparisons are subject to limitation due to the potential of differences in scanning angles between sessions, the subjective nature of the comparisons, and the complexity of the ventricular system (Sze et al., 2003a; Sze et al., 2003b; Mesiwala et al., 2002; Baldy et al., 1986; Rottenberg et al., 1978).  Support for this suggestion comes from research which has suggested that volumetric changes within -20% to +30% cannot accurately be assessed by subjective visual assessment (Sze et al., 2003b).  Therefore, substantial research has focused on trying to come up with less subjective estimates of ventricular size based on CT images.  

Original methods of calculation included linear, ratio, or surface area estimates of ventricular size (Sze et al., 2003a, Sze et al., 2003b, Mesiwala et al., 2002).  Among these are the Evans ratio, which examines the average of the maximum lateral width of the frontal and occipital horns divided by the lateral cranial diameter (Sze et al., 2003a; Tuli et al., 1999; Aylward & Reiss, 1991); Huckman’s measurement (Mesiwala et al., 2002); the minimal lateral ventricular width (Mesiwala et al., 2002), the lateral ventricular span at the body (Mesiwala et al., 2002); the fronto-occipital ratio (Mesiwala et al., 2002); and the diagonal ventricular dimension, (Mesiwala et al., 2002; Sze et al., 2003a).  These calculations unfortunately are limited by the fact that they try to estimate the volume of a 3-dimensional structure using 1-dimensional or 2-dimensional measurements, which in many cases are estimates that are based solely on the image produced by a single axial slice (Sze et al., 2003a; Sze et al., 2003b; Mesiwala et al., 2002; Aylward & Reiss, 1991).  Also, many of these measurements leave potential changes in the third and fourth ventricle sizes unaccounted for (Sze et al., 2003a; Sze et al., 2003b).   

In an effort to resolve the limitations presented by estimating ventricular size with 1 or 2 dimensional measurements, a number of software programs have been developed that are designed to take advantage of the 3 dimensional representation of the ventricular system that can be inferred from the compilation of many CT images taken in sequence, spanning the entire brain.  Many of these algorithms essentially try to distinguish between brain matter and ventricle representing voxels, and then multiply each voxel’s area by the voxel’s depth (which is the slice thickness), sum the volume of the voxels which represent ventricle and sum the volume of the voxels which represent brain matter, and then come up with a total volume for ventricular space and a total volume for brain matter (Sze et al., 2003b; Ashtari et al., 1990; Brassow & Baumann, 1978; Rottenberg et al., 1978; Baldy et al., 1986).  One particular difficulty with this type of method is that the delineation between brain matter and ventricular space is often unclear because of the fact that each voxel in the image represents the average density of material over the entire volume of the slice that any one voxel represents, and the delineation between brain matter and ventricle might occur anywhere within that one particular slice (Sze et al., 2003a; Sze et al., 2003b; Brassow & Baumann, 1978; Rottenberg et al., 1978).  This use of the average density per voxel is called volume averaging, and it has caused great difficulty in terms of 3-D calculation of brain structure sizes (Rottenberg et al., 1978).

In order to verify the precision and reliability of the various volume calculating algorithms, various phantoms have been used.  Some researchers have used gelatin for brain material, and enclosed a fluid-filled rubber membrane or balloon inside to represent the ventricles (Brassow & Baumann, 1978; Walser & Ackerman, 1977 as discussed in Rottenberg et al., 1978).  Some of these phantoms have had spaces as complex as the ventricular system while others have been circular; some have been models with static fluid, while others have been dynamic (Brassow & Baumann, 1978; Sze et al., 2003a).  Unfortunately, verification of algorithms using these types of phantoms is limited either due to the fact that no one model has had the complexity that a real ventricular system has, and/or due to the fact that a real brain has no distinct “membrane” surrounding the ventricles. Therefore, although the rubber membrane would have been volume averaged with the surrounding materials, it could have still potentially influenced the overall mean attenuation coefficient of any particular voxel.  This may potentially have resulted in any modifications having been made to an algorithm in an effort to reduce the brain/ventricle delineation problem, being inappropriate for the algorithm’s calculations of a real brain’s ventricular volume, because the modifications were based on an unrealistic interface between the pseudo ventricle and brain matter. 

Other algorithms (including MRI based algorithms) have been verified using formalin-fixed cadaver brains containing an epoxy-resin case of the ventricular system (Rottenberg et al., 1978), casts of human ventricles made of low X-ray absorption resin submersed in potassium iodide solution (Baldy et al, 1986); large water-filled cylinders containing solid Plexiglas rods (Ashtari et al., 1990), a plastic ventricular cast of the ventricular system scanned in a copper nitrate water bath (Ashtari et al., 1990), etc.  Although these phantoms may mimic the contrast seen between brain matter and CSF, they do not seem to fully replicate the actual densities and consistencies of brain matter and CSF (Ashtari et al., 1990).  Therefore, again, it is possible that any modifications made to algorithms in an effort to increase accuracy may have been inappropriate for the calculations of real brain ventricles because they were based on calculations using unrealistic material to create the phantoms.

Along with the inaccuracies in the volume estimations potentially due to unrealistic phantoms being used to validate the calculation algorithms, another serious difficulty that has arisen in terms of the clinical application of these programs is that they are often very time consuming, and are therefore impractical for use in a clinical setting (Sze et al., 2003a; Sze et al 2003b; Brassow & Baumann, 1978; Aylward & Reiss, 1991).  Therefore, to date, because of the numerous complications with these 3-dimensional algorithms, clinicians have for the most part been left comparing baseline CT images to current clinical images by subjective visual scrutiny.  In an effort to alleviate this type of diagnosis and to incorporate 3-D volume calculation techniques into the clinical setting, the current research aimed at developing a phantom of extreme likeness to a real brain (particularly the cerebral ventricles), by which to verify and make adjustments to an algorithm designed to be capable of calculating ventricular size accurately and precisely, and that has potential value in a clinic setting.  

Materials and Methods

Selection of Materials to Use for Pseudo Brain Matter and Cerebral Spinal Fluid


Experimentation with different concentrations of BBL, Becton Dickinson, MacConkey II agar led to the use of 9.00g agar per 100 ml water as a substitute for brain matter.  This was decided upon based on Hounsfield’s units (HUs) of the varying concentrations of agar as determined using a General Electric CT1 scanner.   The HUs of the 9.00g agar per 100 ml water approximated the average HUs demonstrated by white matter in the brains of patients at the IWK Health Centre, which was 27 HUs.  White matter was chosen as the tissue to try to replicate because of the prevalence of white matter surrounding the ventricles, as well as there being less of a density difference between the white matter and CSF than grey matter and CSF. This may have allowed for the formation of a phantom that would be more difficult for the algorithm in terms of being able to distinguish between the pseudo ventricle and pseudo brain matter, which might have resulted in a more sensitive algorithm.  


In an effort to determine how a fluid filled cavity could be created within the agar, various experiments were performed including suctioning 2 pieces of agar together, one of which had a cavity carved out between the 2 halves.  This allowed for a low-pressure air filled cavity to be contained within agar walls; however, all suction was lost if and when water was injected into the cavity.  

The potential of using ice to create the cavity was tested by placing it in a bath of agar.  Ice floats in agar.  Warm agar was drizzled over top of the ice, and the agar surrounding the ice was allowed to cool.  When the ice had melted, a cavity was left within the agar, which had a very thin and fragile covering.  To further assess the potential use of ice, and whether it would be possible to get a cavity with thick agar walls all around it, the layering of agar was examined.  Warm agar allowed to solidify on top of already solidified agar will stick to the original agar initially, but the two sections are easily pulled or jolted apart.  Thus, if you used agar layering in conjunction with the floating ice only covered by a thin agar layer, you could run the risk of having the two sections come apart and having the thin agar layer covering the cavity punctured.  To make use of the cavity creating property of ice, toothpicks suspended within the ice enabled the ice to be held under the agar until the agar solidified allowing for thick agar walls to completely surround the ice created cavity.    

The Simple Model

Two types of brain models were made; simple models and complex models.  The simple models consisted of a cylindrical agar “brain” which contained a cylindrical fluid-filled space within it (Fig.1).  The fluid filled space was created using a cylindrical ice cube.  The ice was first dipped repeatedly in warm agar using toothpicks which were suspended in the ice, and then held (via the toothpicks) submerged in a “bath” of approximately 500 milliliters of warm until the agar had solidified, leaving the ice to create a cavity within the agar. The ice was made from boiled water in order to eliminate air from being trapped within the ice, thus eliminating the potential problems caused by having air released from the melting ice being incorporated into the surrounding solidifying agar. The preliminary dipping of the ice provided a coating around the ice creating a cavity by which to prevent water from the melting ice from being incorporated into the “agar bath” as it solidified.  It also contained all the air from the melting ice within the cavity, preventing rising air bubbles from being incorporated into the body of the setting agar. 

[image: image1.jpg]



Figure 1.  Example CT image of a single slice (3mm slice thickness) taken through a simple model, which consists of a cylindrical agar body that contains a water-filled cavity within its core. 

Once the agar had fully solidified and the ice had melted, the toothpicks were removed, and the existing water was removed from the cavity via the hole left by the toothpicks and replaced with a known quantity of clean boiled water (cooled in an air tight syringe), which was injected into the hole.  All air was removed from within the cavity and the cavity was sealed off with warm liquid agar.  To ensure that all air was removed, the cylindrical ice was held submerged in the agar on an angle with the toothpicks exiting the ice at the highest point so that the angles of all the walls would force all the air towards the toothpick hole as the cavity was refilled with water, rather than getting trapped within the cavity somewhere.  This entire methodology allowed for a simple ventricle-like cavity to exist inside the pseudo brain matter without being contained within an unrealistic plastic cavity.  

After all agar had solidified the simple model was scanned almost immediately so as to ensure that the water would approximate the HUs representative of the density of CSF in real brains.  Examination of IWK Health Centre patient CT images indicated that CSF HUs generally range between 4 and 7 HUs.  Leaving the water inside the agar for an overnight (for example) would result in the density of the water approximating 15 HUs, which is much higher than the density of CSF in real brains.  

An original set of simple models consisted of 11.5 ml, 24.5 ml, and 32.8 ml ventricular volumes.  The 24.5 ml and 32.8 ml simple models were each scanned using 7mm slice thickness by 7 mm slice spacing (7mm x 7mm).  The 11.5 ml simple model was scanned 4 independent times, twice using 3mm x 3mm and twice using 7mm x 7mm.  In order to assess the algorithm’s reliability and potential for eliminating the problem of comparisons between varying head scanning angles, both a 00.00 degree angle as well as at a 20.00 degree superior angle were each used once for each of the 2 thickness selections.  All simple model scans had settings of 140 kilovolts, 140 milliamperes, and a field of view of 12.2.  The volume of water contained within the cavity was verified by extracting the water from the cavity via syringe following the scanning session.

As discussed in the results section, the algorithm outputs for the first set of simple models produced a few quite high percent error rates.  Therefore, following the scanning of the original set of simple models, the algorithm was adjusted in order to decrease the error.  Then, a second set of simple models was scanned.  The second set of simple models consisted of ventricular volumes of 11.5 ml, 16.5 ml, 25.5 ml, 32.5 ml, 58.5 ml, and 60 ml.  The second set of simple models were all scanned 4 independent times, twice using 3mm x 3mm (once at a 00.00 degree angle and once at a 20.00 degree superior angle) and twice using 7mm x 7mm (once at a 00.00 degree angle and once at a 20.00 degree superior angle).  All scans had settings of 140 kilovolts, 140 milliamperes, and a field of view of 12.2.

In the simple models, the fact that all sides of the cavity led towards the toothpick hole enabled all air to be removed from the cavity quite easily. However, because of that fact that all sides of the cavity in the complex models (which are discussed in more detail below) inevitably cannot all lead towards the toothpick hole as in the simple model, it was difficult to try to remove all air the complex models.  Therefore, a simple model (the “air” simple model, was developed in order to assess the algorithm’s capabilities for dealing with air pockets and/or bubbles in the agar itself or within the cavity, in order to figure out whether the presence of air would affect the algorithm’s calculation of the quantity of water in the cavity.  The simple air models were created by completely filling a simple model cylindrical cavity with a known amount of water to get an idea of the volume of the cavity and then removing some of the water, leaving a known amount of water within the cavity and an approximate volume of air within the cavity (Fig. 2).  The toothpick hole was then sealed off with warm agar.  These simple air models were scanned four independent times, twice using 3mm x 3mm (once at a 00.00 degree angle and once at a 20.00 degree superior angle) and twice using 7mm x 7mm (once at a 00.00 degree angle and once at a 20.00 degree superior angle).  All simple air model scans had settings of 140 kilovolts, 140 milliamperes, and a field of view of 12.2.  The volume of water contained within the cavity was verified by extracting the water from the cavity via syringe following the scanning session.  Simple air model volumes used included 40.5 ml water with approximately 5 ml air, 55 ml water with approximately 5 ml air, and 76 ml water with approximately 2 ml air.

Another purpose for examining the simple air models was to identify the algorithms capability for calculating the volume of the air itself.  Hydrocephalus patients in whom a shunt has just been inserted will often have a little bit of air trapped inside their ventricular system.  However, this is often a critical point in time in which to make sure that the ventricles are not continuing to increase, which would suggest that the shunt is not functioning properly.  If there is air in the ventricles at this point, it would be necessary for the algorithm to be able to calculate the size of the ventricles by summing the volume of water contained in the ventricles with the volume of air, in order to get a true ventricular volume. 

Ventricular volumes for both the simple regular and air models, as well as for the complex models, were based on approximations of normal and hydrocephalus patient ventricular volumes, which appear to range between 30 ml (normals) and 140 ml (hydrocephalus patients) (Brassow and Baumann, 1978; Kitagaki et al., 1998).  Exact volumes used were somewhat dependent on the size of the cavity created by the melting ice. The extent to which a particular block of ice melted was for the most part uncontrollable. 
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Figure 2.  Example CT image of a single slice (3mm slice thickness) taken through a simple air model, which consists of a cylindrical agar body that contains a water-and- air-filled cavity within its core.

The Complex Model


The complex models consisted of a cylindrical agar “brain” which contained a complex fluid-filled space within it, which approached the complexity of the human ventricular system in structure (Fig. 3).  The ventricular system was made by creating clay pieces out of Super Sculpey in the shapes of the right and left lateral ventricles, the interventricular foramen, the 3rd ventricle, the cerebral aqueduct, and the 4th ventricle.  Molds were then made of the clay ventricle pieces using “Castin’ Craft” Mold Builder, Liquid Latex Rubber, and then the molds were used to create pieces of ice in the shapes of the ventricles.  The ice was made from boiled water which was placed in the latex molds and then the molds were placed in a freezer.  Each of the lateral ventricles had toothpicks suspended rostrally from the anterior horns of the ice.  All of the ice pieces were then placed in the correct positions relative to one another using a custom made plastic stand and allowed to fuse together by intermittently adding boiled water (cooled within an airtight syringe) to the joints between ice pieces, between periods of freezing (Fig. 4).  
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Figure 3. Three example axial one example sagittal CT single slice images (3mm slice thickness) taken through a complex model, which consists of a cylindrical agar body that contains a water-filled cavity within its core that is in the shape of the human ventricular system (including the lateral, 3rd and 4th ventricles, the interventricular foramen, and the cerebral aqueduct.
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Figure 4. Images showing an example the ice ventricular system used in the complex models to create the ventricular-like cavity within the pseudo brain made of agar.  The system consists of pieces of ice in the shapes of the lateral ventricles, the 3rd ventricle, the 4th ventricle, the interventricular foramen, and the cerebral aqueduct, fused together to form the finished ice model.

The individual ventricle pieces had sizes that were created based on a proportional scale.  A compilation of research led to the decision that a normal human brain has approximate proportional ventricular volumes of 10.0 cm3, 0.90 cm3, and 2.00 cm3 for each lateral ventricle individually, the 3rd ventricle and the 4th ventricle, respectively (Brassow and Baumann, 1978; Sullivan et al., 2000; Chance et al., 2003; Aylward and Reiss, 1991; Jones et al., 1994).  These proportions were used as guidelines for creating the models, keeping in mind the fact that the ice in each section of the system would melt an unpredictable amount.  Another factor which determined the size of the individual pieces (particularly the interventricular foramen and the cerebral aqueduct) was the fact that they needed to be strong enough to hold the weight of some of the other pieces in order to keep the model together.  For example, the interventricular foramen was much larger proportionally than it would likely be in a real brain because it had to hold the weight of the 3rd and 4th ventricles, plus the cerebral aqueduct, in order to keep them attached to the lateral ventricles.

Once the ice ventricular system was made, warm agar was repeatedly drizzled over the system to create the same layered coating seen in the simple models.  Dipping the entire ventricular ice system into warm agar, which was done to create the coating in the simple models, was not done for the complex models because it resulted in quicker melting of the system, and thus pieces of the ventricular system would break apart from one another. The toothpicks, which were suspended in the lateral ventricles, were then used to hold the agar-coated system submerged in an agar bath of approximately 1 liter, until the agar had solidified.  Once the agar had solidified and the ice had melted, the toothpicks were removed and the existing water was replaced with a known quantity of clean boiled water (cooled in an air tight syringe) through the toothpick holes prior to being sealed off with warm agar.  After the agar had solidified, the complex model was scanned almost immediately so as to ensure that the water would approximate the HUs representative of the density of CSF in real brains.

Complex models of 61 ml, 63 ml, and 69.8 ml volumes were scanned.  All complex models were independently scanned four times, twice using 3mm x 3mm (once at a 00.00 degree angle and once at a 20.00 degree superior angle) and twice using 7mm x 7mm (once at a 00.00 degree angle and once at a 20.00 degree superior angle).  All complex model scans had settings of 140 kilovolts, 140 milliamperes, and a field of view of 15.0.  The volume of water contained within the cavity was verified by extracting the water from the cavity via syringe following the scanning session.

Results


The results of the density testing of the various BBL, Becton Dickinson, MacConkey II agar concentrations are summarized in Table 1.  Dissolved in 100 ml of water, 7.00 g of agar led to a density reading of 23.86 HUs, 9.06 g of agar led to a density of 27.81 HUs, and 11.08 g of agar gave a density reading of 36.19.  

Table 1.  Density readings given in Houndsfields Units (HUs) of various concentrations of BBL, Becton Dickinson, MacConkey II agar, relative to average white and grey matter densities.

	
	Concentration of agar (g/100ml water)
	Average white matter
	Average grey matter

	
	7.00
	9.06
	11.08
	
	

	Density (HUs)
	23.86
	27.81
	36.19
	27
	34



The volume calculations for the first set of simple models are summarized in Table 2.   The 24.5 ml model was calculated to have a ventricular volume of 28.0883 ml based on the 7mm x 7mm slice parameters, which was an overestimation with a 14.65 % error (Fig. 5).  Also based on 7 mm x 7mm slice parameters, the 32.8 ml model was calculated to have a ventricular volume of 33.08 ml, producing a percent error of 0.85 % (Fig. 5).  The 11.5 ml model was calculated to have a volume of 10.7 ml based on 3mm x 3mm slice parameters at a 0.00 degree angle, 12.1 ml based on the 7mm x 7mm images at a 0.00 degree angle, 11.3 ml based on the 3mm x 3mm images at a 20.00 degree angle, and 11.6 ml based on the 7mm x 7mm images (Fig. 5).  These produced percent errors of 6.96 %, 5.2 %, 1.74 % and 0.87 %, respectively, with an average error of 3.69%.

Table 2.  The calculated ventricular volumes for the first set of simple models (i.e. prior to algorithm modification) compared to the actual simple model volumes (determined by using graduated syringes for injection) based on images with various slice parameters.

	Simple model actual volume (ml)
	Slice parameters

[slice thickness (mm) x slice spacing (mm)]
	Calculated volume (ml)
	% Error

	11.5
	3x3
	10.7
	6.96

	
	7x7
	12.1
	5.2

	
	3x3 at 20 degrees
	11.3
	1.74

	
	7x7 at 20 degrees
	11.6
	0.87

	
	average
	11.425
	3.69

	24.5
	7x7
	28.0883
	14.65

	32.8
	7x7
	33.08
	0.85


As previously mentioned, due to the relatively high error produced by the algorithm outputs for a few of the first simple models, the algorithm was modified and then a second set of simple models were tested. The volume estimations for the second set of simple models are summarized in Table 3.  The volume estimation for the 11.5 ml model was 11.2 ml for the 3mm x 3mm based calculation, 12.0 ml for the 7mm x 7mm based calculation, 10.9 ml for the 3mm x 3mm based calculation, and 11.8 ml for the 7mm x 7mm based calculation (Fig. 6).  These calculations produced percent errors of 2.61%, 4.35%, 5.22%, and 2.61%, respectively, with an average error of 3.70%.
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Figure 5.  The ventricular volumes calculated by the algorithm for each of 3 simple models based on image parameters of either 3mm x 3mm (slice thickness x slice spacing), 7mm x 7mm, 3mm x 3mm at a 20 degree angle, or 7mm x 7mm at a 20 degree angle, compared to the actual measured ventricular volume. Error bars represent the percent error.

The algorithmic volume calculations for the 16.5 ml model from the second set of simple models were 15.9 ml for the 3mm x 3mm based estimation, 16.1 ml for the 7mm x 7mm based estimation, 16.4 ml for the 3mm x 3mm based estimation at a 20 degree superior angle, and 16.68 ml for the 7mm x 7mm based estimation at 20 degrees superior (Fig. 6).  The percent errors for the 3mm x 3mm, 7mm x 7mm, 3mm x 3mm at 20 degrees, and 7mm x 7mm at 20 degrees, were 3.6%, 2.4%, 0.6%, and 1.09%, respectively, with an average percent error of 1.92%. 

The second set simple model with an actual ventricular volume of 25.5 ml was estimated by the algorithm to have a ventricular volume of 25.9 ml (a percent error of 

Table 3.  The calculated ventricular volumes of the second set of simple models (i.e. following algorithm modifications) compared to the actual simple model volumes (determined by using graduated syringes for injection) based on images for various slice parameters.

	Simple model actual volume (ml)
	Slice parameters

[slice thickness (mm) x slice spacing (mm)]
	Calculated volume (ml)
	% Error

	11.5
	3x3
	11.2
	2.61

	
	7x7
	12.0
	4.35

	
	3x3 at 20 degrees
	10.9
	5.22

	
	7x7 at 20 degrees
	11.8
	2.61

	
	average
	11.475
	3.70

	16.5
	3x3
	15.9
	3.6

	
	7x7
	16.1
	2.4

	
	3x3 at 20 degrees
	16.4
	0.6

	
	7x7 at 20 degrees
	16.68
	1.09

	
	average
	16.27
	1.92

	25.5
	3x3
	25.9
	1.57

	
	7x7
	25.8
	1.18

	
	3x3 at 20 degrees
	25.0
	1.96

	
	7x7 at 20 degrees
	26.0
	1.96

	
	average
	25.675
	1.67

	32.5
	3x3
	31.5
	3.0

	
	7x7
	32.01
	1.5

	
	3x3 at 20 degrees
	33.4
	2.7

	
	7x7 at 20 degrees
	33.3
	2.4

	
	average
	32.5525
	2.4

	58.0
	3x3
	56.34
	2.8

	
	7x7
	56.3
	2.9

	
	3x3 at 20 degrees
	60.0
	3.4

	
	7x7 at 20 degrees
	59.0
	1.7

	
	average
	57.91
	2.7

	60.0
	3x3
	59.2
	1.3

	
	7x7
	58.5
	2.5

	
	3x3 at 20 degrees
	62.2
	3.67

	
	7x7 at 20 degrees
	62.0
	3.3

	
	average
	60.475
	2.69
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Figure 6.  The ventricular volumes calculated by the algorithm for each of 6 simple models based on image parameters of either 3mm x 3mm (slice thickness x slice spacing), 7mm x 7mm, 3mm x 3mm at a 20 degree angle, or 7mm x 7mm at a 20 degree angle, compared to the actual measured ventricular volume.  Error bars represent the percent error.

1.57%) based on the 3mm x 3mm slice parameter images, a volume of 25.8 ml (a percent error of 1.18%) based on the 7mm x 7mm images, a volume of 25.0 ml (a percent error of 1.96%) based on the 3mm x 3mm images at a 20 degree angle, and a volume of 26.0 ml (a percent error of 1.96%) based on the 7mm x 7mm images at a 20 degree angle (Fig. 6).  The average percent error was 1.67%.

The second set simple model with an actual ventricular volume of 32.5 ml was estimated by the algorithm to have a ventricular volume of 31.5 ml (a percent error of 3.0%) based on the 3mm x 3mm images, a volume of 32.01 ml (a percent error of 1.5%) based on the 7mm x 7mm images, a volume of 33.4 ml (a percent error of 2.7%) based on the 3mm x 3mm images at a 20 degree angle, and a volume of 33.3 ml (a percent error of 2.4%) based on the 7mm x 7mm images at a 20 degree angle (Fig. 6).  The average percent error was 2.4%.


The 58 ml second set simple model was estimated to be 56.34 ml for the 3mm x 3mm based estimation, 56.3 ml for the 7mm x 7mm based estimation, 60.0 ml for the 3mm x 3mm based estimation at a 20 degree superior angle, and 59 ml for the 7mm x 7mm based estimation at 20 degrees superior (Fig. 6).  The percent errors for the 3mm x 3mm calculations, the 7mm x 7mm calculations, the 3mm x 3mm calculations at 20 degrees, and the 7mm x 7mm calculations at 20 degrees, were 2.8%, 2.9%, 3.4%, and 1.7%, respectively, with an average of 2.7%.

The 60 ml second set simple model was estimated to be 59.2 ml for the 3mm x 3mm based estimation, 58.5 ml for the 7mm x 7mm based estimation, 62.2 ml for the 3mm x 3mm based estimation at a 20 degree superior angle, and 62 ml for the 7mm x 7mm based estimation at 20 degrees superior (Fig. 6).  The percent errors were 1.3%, 2.5%, 3.67%, and 3.3% for the 3mm x 3mm images, 7mm x 7mm images, 3mm x 3mm images at 20 degrees, and 7mm x 7mm images at 20 degrees, respectively, with an average of 2.69%.

The overall average percent error for the second set of simple models was 2.51%, with the average error for calculations based on the 3mm x 3mm images at a 0.00 degree angle being 2.48%, 2.47% for the 7mm x 7mm images at a 0.00 degree angle, 2.93% for the 3mm x 3mm images at a 20 degree angle and 2.18% for the 7mm x 7mm images at a 20 degree angle.  The overall average percent error for the 3mm x 3mm images (regardless of angle) was 2.71% and was 2.33% for the 7mm x 7mm images.

Table 4 summarizes the algorithm outputs for the simple air models.  The simple air model with 40.5 ml of water in the cavity was estimated to have 38.2 ml of water based on calculations from the 3mm x 3mm images (percent error = 5.68%), 40.13 ml of water based on calculations from the 7mm x 7mm images (percent error = 0.91%), 40.2 ml of water based on calculations from the 3mm x 3mm images at a 20 degree angle (percent error = 0.74%), and 40.1 ml of water based on calculations from the 7mm x 7mm images at a 20 degree angle (percent error = 0.99%).  The average percent error for the water calculations for this model was 2.08%. The estimated actual volume of air was 5 ml.  The algorithm calculated the volume of air to be 7.8 ml based on calculations from the 3mm x 3mm images (a percent error of 56.0%), 7.6 ml based on calculations from the 7mm x 7mm images (a percent error of 52.0%), 5.25 ml based on calculations from the 3mm x 3mm images at a 20 degree angle (a percent error of 5%), and 8.2 ml based on calculations from the 7mm x 7mm images at a 20 degree angle (a percent error of 64%).  The average percent error for the air volume calculations was 44.25%.  The potential explanations for these large percent errors produced by the volumetric estimations of air within the simple air models are considered in the discussion section.

The simple air model with 55 ml of water in the cavity was estimated to have 53.7 ml of water based on calculations from the 3mm x 3mm images (a percent error of 2.3%), 54.5 ml of water based on calculations from the 7mm x 7mm images (a percent error of 0.9%), 55.3 ml of water based on calculations from the 3mm x 3mm images at a 20 degree angle (a percent error of 0.55%), and 54.3 ml of water based on calculations from the 7mm x 7mm images at a 20 degree angle (a percent error of 1.3%).  The average percent error for the water calculations was 1.26%. The estimated actual volume of air was 5 ml.  The algorithm calculated the volume of air to be 4.8 ml based on calculations from the 3mm x 3mm images (a percent error of 4.0%), 5.1 ml based on calculations from the 7mm x 7mm images (a percent error of 2.0%), 4.89 ml based on calculations from the 3mm x 3mm images at a 20 degree angle (a percent error of 2.2%), and 5.2 ml based on calculations from the 7mm x 7mm images at a 20 degree angle (a percent error of 0.8%).  The average percent error for the air volume calculations was 2.25%.  

Table 4.  The calculated volumes of both water and air for the simple air models based on various slice parameters compared to the actual water volumes (determined by using graduated syringes for injection) and estimated actual air volumes (estimated by completely filling the cavity with water prior to removing some water from the cavity, leaving an air pocket that approximates the amount of water extracted).

	Simple model actual volume of water (ml)
	Slice parameters

[slice thickness (mm) x slice spacing (mm)]
	Calculated volume of water (ml)
	% Error
	Estimated volume of air (ml)
	Calculated volume of air (ml)
	% Error

	40.5
	3x3
	38.2
	5.68
	5
	7.8
	56

	
	7x7
	40.13
	0.91
	
	7.6
	52

	
	3x3 at 20 degrees
	40.2
	0.74
	
	5.25
	5

	
	7x7 at 20 degrees
	40.1
	0.99
	
	8.2
	64

	
	average
	39.6575
	2.08
	
	
	44.25

	55.0
	3x3
	53.7
	2.3
	5
	4.8
	4

	
	7x7
	54.5
	0.9
	
	5.1
	2

	
	3x3 at 20 degrees
	55.3
	0.55
	
	4.89
	2.2

	
	7x7 at 20 degrees
	54.3
	1.3
	
	5.2
	0.8

	
	average
	54.45
	1.26
	
	
	2.25

	76.0
	3x3
	75.1
	1.18
	2
	1.91
	4.5

	
	7x7
	73.6
	3.16
	
	2.05
	1.0

	
	3x3 at 20 degrees
	77.9
	2.5
	
	1.94
	3.0

	
	7x7 at 20 degrees
	74.0
	2.63
	
	2.1
	5

	
	average
	75.15
	2.37
	
	2
	3.375


The simple air model with 76 ml of water in the cavity was calculated to have 75.1 ml of water based on the 3mm x 3mm images (a percent error of 2.8%), 73.6 ml based on the 7mm x 7mm images (a percent error of 2.9%), 77.9 ml based on the 3mm x 

3mm images at a 20-degree angle (a percent error of 3.4%), and 74.0 ml of water based on calculations from the 7mm x 7mm images at a 20-degree angle (a percent error of 1.7). The average percent error for the water calculations was 2.37%. The estimated actual volume of air was 2 ml.  The algorithm calculated the volume of air to be 1.91 ml based on the 3mm x 3mm images (a percent error of 4.5%), 2.05 ml based on calculations from the 7mm x 7mm images (a percent error of 1.0%), 1.94 ml based on calculations from the 3mm x 3mm images at a 20 degree angle (a percent error of 3.0%), and 2.1 ml based on calculations from the 7mm x 7mm images at a 20 degree angle (a percent error of 5.0%). The average percent error for the air volume calculations was 3.375%.

The overall average percent error for calculations of water volume for the simple air models was 1.90%, with the average error for calculations based on the 3mm x 3mm images at a 0.00 degree angle being 3.05%, 1.65% for the 7mm x 7mm images at a 0.00 degree angle, 1.26% for the 3mm x 3mm images at a 20 degree angle and 1.64% for the 7mm x 7mm images at a 20 degree angle.  The overall average percent error for the 3mm x 3mm images (regardless of angle) was 2.16% and was 1.64% for the 7mm x 7mm images. The overall average percent error for calculations of air volume for the simple air models was 16.625%, with the average error for calculations based on the 3mm x 3mm images at a 0.00 degree angle being 21.5%, 18.33% for the 7mm x 7mm images at a 0.00 degree angle, 3.4% for the 3mm x 3mm images at a 20 degree angle and 23.27% for the 7mm x 7mm images at a 20 degree angle.  The overall average percent error for the 3mm x 3mm images (regardless of angle) was 12.45% and was 20.8% for the 7mm x 7mm images.

The complex model results are summarized in Table 5.  The complex model with an actual ventricular volume of 61.0 ml was estimated by the algorithm to have a ventricular volume of 61.14 ml (a percent error of 0.23%) based on the 3mm x 3mm slice parameter images, a volume of 62.7 ml (a percent error of 2.79%) based on the 7mm x 7mm images, a volume of 59.0 ml (a percent error of 3.28%) based on the 3mm x 3mm images at a 20 degree angle, and a volume of 58.6 ml (a percent error of 3.93%) based on the 7mm x 7mm images at a 20 degree angle (Fig. 7).  The average percent error was 2.56%. 

Table 5.  The calculated ventricular volumes of the complex models based on images with various slice parameters compared to the actual ventricular volumes (as determined by using graduated syringes for injection).

	Complex model actual volume (ml)
	Slice parameters

[slice thickness (mm) x slice spacing (mm)]
	Calculated volume (ml)
	% Error

	61
	3x3
	61.14
	0.23

	
	7x7
	62.7
	2.79

	
	3x3 at 20 degrees
	59.0
	3.28

	
	7x7 at 20 degrees
	58.6
	3.93

	
	average
	60.36
	2.56

	63
	3x3
	61.4
	2.54

	
	7x7
	64.8
	2.86

	
	3x3 at 20 degrees
	62.31
	1.1

	
	7x7 at 20 degrees
	65.0
	3.17

	
	average
	63.3775
	2.42

	69.8
	3x3
	71.6
	2.58

	
	7x7
	72.0
	3.15

	
	3x3 at 20 degrees
	72.7
	4.15

	
	7x7 at 20 degrees
	69.5
	0.43

	
	average
	71.45
	2.58


The complex model with a measured ventricular volume of 63.0 ml was calculated to have a ventricular volume of 61.4 ml (a percent error of 2.54%) based on the 3mm x 3mm images, a volume of 64.8 ml (a percent error of 2.79%) based on the 7mm x 7mm images, of 62.31 ml (a percent error of 1.1%) based on the 3mm x 3mm images at a 20 degree angle, and a volume of 65.0 ml (a percent error of 3.17%) based on the 7mm x 7mm images at a 20 degree angle (Fig. 7). The average percent error was 2.42%.
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Figure 7.  The ventricular volumes calculated by the algorithm for each of 3 complex models based on images with parameters of either 3mm x 3mm (slice thickness x slice spacing), 7mm x 7mm, 3mm x 3mm at a 20 degree angle, or 7mm x 7mm at a 20 degree angle, compared to the actual measured ventricular volume. Error bars represent the percent error.

The complex model with a 69.8 ml measured ventricular volume was calculated to have a ventricular volume of 71.6 ml based on the 3mm x 3mm images, 72.0 ml based on the 7mm x 7mm images, 72.7 ml based on the 3mm x 3mm images at a 20 degree angle, and 69.5 ml based on the 7mm x 7mm images at a 20 degree angle (Fig. 7).  The percent errors for the calculations based on the 3mm x 3mm images, 7mm x 7mm images, 3mm x 3mm images at 20 degrees, and 7mm x 7mm images at 20 degrees, were 2.58%, 3.15%, 4.15%, and 0.43%, respectively. The average percent error was 2.58%.

The overall average percent error for the complex models was 2.52%, with the average error for calculations based on the 3mm x 3mm images at a 0.00 degree angle being 1.78%, 2.93% for the 7mm x 7mm images at a 0.00 degree angle, 2.84% for the 3mm x 3mm images at a 20 degree angle and 2.51% for the 7mm x 7mm images at a 20 degree angle.  The overall average percent error for the 3mm x 3mm images (regardless of angle) was 2.31% and 2.72% for the 7mm x 7mm images.

Following modifications to the algorithm, the average percent error for all the calculated volumes of water (regular simple models, air simple models, and complex models) was 2.36%.

Discussion


After modifications were made to the algorithm, the ventricular volumes calculated by the algorithm (i.e. the calculated volumes of water within the agar contained cavities) were particularly accurate with percent errors all below 5.00%, except for two values, both of which were below 5.68%.  Accordingly, the average percent error for all of the calculations of water volume following algorithm modification, 2.36%, was also below an acceptable 5.00% error rate (Ashtari et al., 1990; Baldy et al., 1986; Brassow & Baumann, 1978).  This error rate was also well within the accepted values for error rates documented in the literature, which range between 4% and16% (Sze et al., 2003a).

The calculated volumes ranged depending on whether the image parameters were set to 3mm slice thickness by 3mm slice spacing or 7mm slice thickness by 7mm slice spacing.  It appears that for the regular simple models and air simple models the 7mm x 7mm images may have been slightly more accurate.  This is contrary to what one might expect, which would be that the 3mm x 3mm images would produce more accurate volume estimations, based on the fact that less volume averaging occurs with 3mm slice thickness and slice spacing than in 7mm slice thickness and slice spacing.  The opposite was observed in the case of the complex models, with the 3mm x 3mm images producing the more accurate results.  The explanation for these observations may be that one type of image might have produced more accurate volume calculations by chance.  If not by chance, it is uncertain as to why the 7mm x 7mm images would produce more accurate volume estimations than the 3mm x 3mm images for both types of the simple models.  Future analysis should examine whether these error values differ significantly.


The calculated volumes of water also varied depending on the angle at which the CT scans were taken.  This indicates that, like subjective visual scrutiny by radiologists, the algorithmic outputs are affected by differences in scanning angle.  Future analyses should consider assessing whether the differences in the output values for volumes calculated by the algorithm based on images with different scanning angles are significant.  It is important to note that despite the fact that there is variance across scanning angles, the error of each of the estimates is still within 5.00% of the actual ventricular value.  Future research should see if the variances in radiologist assessments due to scanning angle are as accurate as those produced by the algorithm.  

Although the percent errors for the calculated volume estimates are generally quite low, the existence of error rates above 0.00% indicates that the estimates are obviously not 100% accurate.  A fundamental assumption is that this error is due to inaccuracies in the algorithm, and that the methodology for measuring the ventricular volume (done by graduated syringe in the current research) is accurate and reliable (Ashtari et al., 1990).  However, this assumption might not be 100% valid. Using the method of syringe injection of water through the toothpick hole was particularly useful for ensuring that most of the water got into the cavity.  However, at times, when the water approached the top of the hole, there may have been some overflow.  This was supported by not being able to recover the full amount of water put into the cavity following a scanning session.  However, this discrepancy in amount of water injected versus amount of water recovered may also have been due to an unrecoverable bit of water resting at the bottom of the cavity, or may have been due to water being incorporated into the agar walls (suggested by the texture of the cavity walls upon examination following removal of water from the cavity).  Further support for an interaction between the agar walls and the water within the cavity comes from the increasing density of the water within the cavity over time.  

At least in the simple models, the noted discrepancies between the amount of water put into the cavity and the amount extracted were not always in the direction of less water being extracted than the amount put in.  On a couple of occasions in the simple models, the amount extracted was actually greater than the amount put in.  This may have been due to the interaction between the walls and the water.  The water may have been implicated in dissolving the walls over time, which would have resulted in denser water, but potentially in a larger cavity and may have resulted in what would appear to be a larger volume of water.    

The discrepancies in injected and extracted amounts of water in the simple models were minimal in comparison with the complex models.  The difference in the simple models was within a 1.0 ml difference on all occasions (one exception which was a 2.0 ml difference), and there was absolutely no difference for two of the eleven models.  However, the extraction of water from the complex model often resulted in a measured quantity substantially lower than the amount put into the cavity (differences which ranged from 6 ml – 9 ml).  This considerable decrease in water quantity was likely due to the complexity of the complex system relative to the simple models, which includes an increased ratio of surface area to quantity of water, which could allow for a greater amount of water to be incorporated into the agar walls, as well as an increased number of nooks and crannies in which tiny portions of water could settle resulting in an increase in the quantity of water unrecoverable by syringe or by drainage.  One should consider verifying this latter possibility by draining the water from the model and then rescanning the model to see if there is any detectable water left in the model. 

Regardless of the cause, discrepancies between the amount of water injected into the cavity and the amount of water removed from the cavity following scanning are indicative of the fact that the recorded "actual" volume of water within the cavity might not be 100% accurate itself, and this might be the main source of error in the estimated water volumes calculated by the algorithm.


The accuracy of the volume estimates of water in the simple air models appear to be equally accurate to the volume estimates of water for the regular simple models.  This suggests that the presence of air in the complex models (due to the difficulties associated with removing all the air from the cavity) likely did not significantly effect the estimations of water volume in the complex models as calculated by the algorithm, and therefore that the presence of air in the complex models (something intrinsically associated with the increased complexity of the cavity), does not seem to compromise the accuracy of the volume estimations of fluid in the cavity.   

On the contrary the large percent error rates for the estimations of the volume of air in the simple air models indicates that the method used for estimation of the volume of air within the cavity was not accurate and thus, based on the current research, it is unknown whether the algorithm would be appropriate to use in the calculation of ventricular volume in hydrocephalus patients immediately following shunt insertion, a time when there may be a bit of air in the ventricles which must be included in the calculation of the ventricular volume.  The inaccuracies in the estimation of the actual volume of air within the cavity are likely due to a combination of many things.  One possibility is that the sizes of the volumes of air being estimated are quite low relative to the volumes of water being estimated.  Therefore, for example, a 2 ml absolute error in a volume estimation of a 60 ml volume will result in a lower percent error than the same 2 ml absolute error in a volume estimation of a 5 ml volume.  Future research should try estimating larger volumes of water in order to see if the error rates remain equally high.  Another possibility is that some of the assumptions made by the algorithm, which was originally designed to calculate the volume of a fluid, might need to be investigated in terms of how it relates to the volume calculation of a gas.

Another highly likely source of error in calculating the volume of air in the simple air models is that upon completely filling the cavity with water to gain an estimate of the cavity size and after removing a known amount of water to leave an estimate of the quantity of air within the cavity, the agar used to seal the cavity off will inevitably move down into either the cavity or the mouth of the toothpick hole, resulting in a decreased amount of air in the cavity relative to the estimated quantity.  However, it would be difficult to determine the exact quantity of agar that entered the cavity and/or toothpick hole relative to the amount of agar that sealed over the top of the hole, and would be difficult to try to compensate for.  Future research might try to approach the volume calculation of air using a different approach such as injection of air into an airtight cavity or by using a cavity in which the cavity is not sealed over following estimation of the cavity size.


The phantom developed in the current research definitely appears to have some advantages over phantoms used to date.  The interface between the fluid-filled cavity and the agar walls simulates the interface seen in real brains between the CSF-filled ventricles and brain matter, as the pseudo ventricle in the current model is not contained within an unrealistic plastic or rubber membrane (Brassow & Baumann, 1978; Walser & Ackerman, 1977 as discussed in Rottenberg et al., 1978).  Another advantage that the current model has is that the complex version of the model approaches the complexity of structure that is demonstrated by the human ventricular system, whereas many phantoms of the past have not (Sze et al., 2003a).  A third advantage of the current model is that the densities and consistencies of the materials used closely approximate those of real brain tissue and CSF, a property not achieved by all phantoms to date (Ashtari et al., 1990).  These 3 advantages tend to suggest that the use of the Ice/Agar phantoms for the verification of algorithms designed to calculate ventricular volume, and subsequent modifications to the algorithms based on the algorithmic results for these phantoms will result in modifications to the algorithms that are appropriate to their actual and eventual task of calculating ventricular volumes based on images of real human brains.


Although the error produced was in general below 5%, the disadvantages of the current phantom are produced by the discrepancies between the amount of water injected into the models prior to scanning and the amount of water extracted from the models following scanning.  This disadvantage can be minimized by ensuring that an algorithm is tested on both the simple and complex models and that modifications are made based on the outputs for both of these types of models, as although the complex model is closer to the real human ventricular system, the simple model is more accurate in terms of containing a known amount of water within its cavity.  A third way to ensure accuracy would be to combine the use of verification with the Ice/Agar Phantom with the use of a membrane bound complex ventricular system such as the phantoms used in past research, which would minimize if not eliminate the interaction between the water within the cavity and the agar walls of the cavity.  Another possibility would be to develop some sort of a dynamic Ice/Agar Phantom where the volume of water moving through the complex ventricular system could be measured based on current flow, with a reservoir above and below the model while it was being scanned.  This might also minimize the agar and water interactions, as well as increasing the practicality of the model due to the fact that the phantom would gain the dynamic property of the human ventricular system.  

Another parallel disadvantage arises due to the instability of the models over time.  The interaction between the water within the cavity and agar walls means that the models need to be scanned immediately, and rescanning even an hour later results in an increased water density relative to the that produced during the original scanning session.  The longer the water is allowed to set inside the agar the more this effect is intensified.  Similarly, the use of agar as pseudo brain material means that the models, even without water in them and even if they are kept refrigerated, will only last a certain amount of time before they start to grow mold.

In conclusion, despite minor sources of error, the current research results suggest that the algorithm in question produces appreciably accurate results and that the Ice/Agar Phantom developed appears to be a very useful tool in the development of algorithms designed to aid in the calculation of human brain ventricular volume.  Future research should examine the precision of the algorithm by considering the smallest change in ventricular volume that is accurately detected by the algorithm.  This aspect of the algorithm’s potential is particularly important to examine so that the algorithm’s sensitivity to increases in ventricular size can be determined in order that it can be compared to radiologists’ sensitivity to increases in ventricular volume through visual assessment, thus determining the applicability of the algorithm in a clinical setting.   Determining the smallest detectable change would also assess the algorithm’s usefulness in situations in which patients display resistance to ventriculomegaly despite large increases in intraventricular pressure (Sze et al., 2003b).  Thus, the development of Ice/Agar phantoms in which ventricular volumes could be changed on a minute scale, would result in the assessment of the algorithm's usefulness in the identification of blocked shunts in hydrocephalus patients being more fully comprehensive.  
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Complex model

		61 ml model		61 ml model		61 ml model		61 ml model		61 ml model		0.23		0.23		2.79		2.79		3.28		3.28		3.93		3.93

		63 ml model		63 ml model		63 ml model		63 ml model		63 ml model		2.54		2.54		2.86		2.86		1.1		1.1		3.17		3.17

		69.8 ml model		69.8 ml model		69.8 ml model		69.8 ml model		69.8 ml model		2.58		2.58		3.15		3.15		4.15		4.15		0.43		0.43
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65
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simple models set 1

		11.5 ml model		10.7		12.1		11.3		11.6		6.96		6.96		5.2		5.2		1.74		1.74		0.87		0.87

		24.5 ml model				28.0883						NaN		NaN		14.65		14.65

		32.8 ml model				33.08						NaN		NaN		0.85		0.85
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simple models set 2

		11.5 ml model		11.2		12		10.9		11.8		2.61		2.61		4.35		4.35		5.22		5.22		2.61		2.61

		16.5 ml model		15.9		16.1		16.4		16.68		3.6		3.6		2.4		2.4		0.6		0.6		1.09		1.09

		25.5 ml model		25.9		25.8		25		26		1.57		1.57		1.18		1.18		1.96		1.96		1.96		1.96

		32.5 ml model		31.5		32.01		33.4		33.3		3		3		1.5		1.5		2.7		2.7		2.4		2.4

		58 ml model		56.34		56.3		60		59		2.8		2.8		2.9		2.9		3.4		3.4		1.7		1.7

		60 ml model		59.2		58.5		62.2		62		1.3		1.3		2.5		2.5		3.67		3.67		3.3		3.3



Actual Volume

3x3

7x7

3x3 @ 20

7x7 @ 20

Model

Volume (ml)

11.5

16.5

25.5

32.5

58

60



Simple air models

		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		5.68		5.68		0.91		0.91		0.74		0.74		0.99		0.99

		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		56		56		52		52		5		5		64		64

		Volume of water (55 ml model)		Volume of water (55 ml model)		Volume of water (55 ml model)		Volume of water (55 ml model)		Volume of water (55 ml model)		2.3		2.3		0.9		0.9		0.55		0.55		1.3		1.3

		Volume of air (55 ml model)		Volume of air (55 ml model)		Volume of air (55 ml model)		Volume of air (55 ml model)		Volume of air (55 ml model)		4		4		2		2		2.2		2.2		0.8		0.8

		Volume of water (76 ml model)		Volume of water (76 ml model)		Volume of water (76 ml model)		Volume of water (76 ml model)		Volume of water (76 ml model)		1.18		1.18		3.16		3.16		2.5		2.5		2.63		2.63



Actual Volume

3x3

7x7

3x3 @ 20

7x7 @ 20

Volume (ml)

40.5

38.2

40.13

40.2

40.1

5

7.8

7.6

5.25

8.2

55

53.7

54.5

55.3

54.3

5

4.8

5.1

4.89

5.2

76

75.1

73.6

77.9

74



Density testing

		Substance		Substance		Substance		Substance		Substance



7.00g agar / 100 ml water

9.06g agar / 100 ml water

11.08g agar / 100 ml water

White matter

Grey matter

Substance

Density (HUs)

23.86

27.81

36.19

27

34



Sheet1

		Density Testing		Substance

				7.00g agar / 100 ml water		9.06g agar / 100 ml water		11.08g agar / 100 ml water		White matter		Grey matter

		Density (HUs)		23.86		27.81		36.19		27		34

		Simple Model (Set 1)		Volume		Volume		Volume		% Error		% Error		% Error

		Actual Volume		11.5		24.5		32.8

		3x3		10.7						6.96

		7x7		12.1		28.0883		33.08		5.2		14.65		0.85

		3x3 @ 20		11.3						1.74

		7x7 @ 20		11.6						0.87

				11.5 ml model		24.5 ml model		32.8 ml model

		Simple Model (Set 2)		Volume		Volume		Volume		Volume		Volume		Volume		% Error		% Error		% Error		% Error		% Error		% Error

		Actual Volume		11.5		16.5		25.5		32.5		58		60

		3x3		11.2		15.9		25.9		31.5		56.34		59.2		2.61		3.6		1.57		3		2.8		1.3

		7x7		12		16.1		25.8		32.01		56.3		58.5		4.35		2.4		1.18		1.5		2.9		2.5

		3x3 @ 20		10.9		16.4		25		33.4		60		62.2		5.22		0.6		1.96		2.7		3.4		3.67

		7x7 @ 20		11.8		16.68		26		33.3		59		62		2.61		1.09		1.96		2.4		1.7		3.3

				11.5 ml model		16.5 ml model		25.5 ml model		32.5 ml model		58 ml model		60 ml model

		Simple Air Model		Volume of water (40.5 ml model)		Volume of air (40.5 ml model)		Volume of water (55 ml model)		Volume of air (55 ml model)		Volume of water (76 ml model)		% Error		% Error		% Error		% Error		% Error

		Actual Volume		40.5		5		55		5		76

		3x3		38.2		7.8		53.7		4.8		75.1		5.68		56		2.3		4		1.18

		7x7		40.13		7.6		54.5		5.1		73.6		0.91		52		0.9		2		3.16

		3x3 @ 20		40.2		5.25		55.3		4.89		77.9		0.74		5		0.55		2.2		2.5

		7x7 @ 20		40.1		8.2		54.3		5.2		74		0.99		64		1.3		0.8		2.63

				40.5 ml model				55 ml model				76 ml model

		Complex Model		Volume		Volume		Volume		% Error		% Error		% Error

		Actual Volume		61		63		69.8

		3x3		61.14		61.4		71.6		0.23		2.54		2.58

		7x7		62.7		64.8		72		2.79		2.86		3.15

		3x3 @ 20		59		62.31		72.7		3.28		1.1		4.15

		7x7 @ 20		58.6		65		69.5		3.93		3.17		0.43

				61 ml model		63 ml model		69.8 ml model
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Complex model

		61 ml model		61 ml model		61 ml model		61 ml model		61 ml model		0.23		0.23		2.79		2.79		3.28		3.28		3.93		3.93

		63 ml model		63 ml model		63 ml model		63 ml model		63 ml model		2.54		2.54		2.86		2.86		1.1		1.1		3.17		3.17

		69.8 ml model		69.8 ml model		69.8 ml model		69.8 ml model		69.8 ml model		2.58		2.58		3.15		3.15		4.15		4.15		0.43		0.43



Actual Volume

3x3

7x7

3x3 @ 20

7x7 @ 20

Model

Volume (ml)

61

61.14

62.7

59

58.6

63

61.4

64.8

62.31

65

69.8

71.6

72

72.7

69.5



simple models set 1

		11.5 ml model		10.7		12.1		11.3		11.6		6.96		6.96		5.2		5.2		1.74		1.74		0.87		0.87

		24.5 ml model				28.0883						NaN		NaN		14.65		14.65

		32.8 ml model				33.08						NaN		NaN		0.85		0.85



Actual Volume

3x3

7x7

3x3 @ 20

7x7 @ 20

Model

Volume (ml)

11.5

24.5

32.8



simple models set 2

		11.5 ml model		11.2		12		10.9		11.8		2.61		2.61		4.35		4.35		5.22		5.22		2.61		2.61

		16.5 ml model		15.9		16.1		16.4		16.68		3.6		3.6		2.4		2.4		0.6		0.6		1.09		1.09

		25.5 ml model		25.9		25.8		25		26		1.57		1.57		1.18		1.18		1.96		1.96		1.96		1.96

		32.5 ml model		31.5		32.01		33.4		33.3		3		3		1.5		1.5		2.7		2.7		2.4		2.4

		58 ml model		56.34		56.3		60		59		2.8		2.8		2.9		2.9		3.4		3.4		1.7		1.7

		60 ml model		59.2		58.5		62.2		62		1.3		1.3		2.5		2.5		3.67		3.67		3.3		3.3



Actual Volume

3x3

7x7

3x3 @ 20

7x7 @ 20

Model

Volume (ml)

11.5

16.5

25.5

32.5

58

60



Simple air models

		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		5.68		5.68		0.91		0.91		0.74		0.74		0.99		0.99

		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		56		56		52		52		5		5		64		64

		Volume of water (55 ml model)		Volume of water (55 ml model)		Volume of water (55 ml model)		Volume of water (55 ml model)		Volume of water (55 ml model)		2.3		2.3		0.9		0.9		0.55		0.55		1.3		1.3

		Volume of air (55 ml model)		Volume of air (55 ml model)		Volume of air (55 ml model)		Volume of air (55 ml model)		Volume of air (55 ml model)		4		4		2		2		2.2		2.2		0.8		0.8

		Volume of water (76 ml model)		Volume of water (76 ml model)		Volume of water (76 ml model)		Volume of water (76 ml model)		Volume of water (76 ml model)		1.18		1.18		3.16		3.16		2.5		2.5		2.63		2.63



Actual Volume

3x3

7x7

3x3 @ 20

7x7 @ 20

Volume (ml)

40.5

38.2

40.13

40.2

40.1

5

7.8

7.6

5.25

8.2

55

53.7

54.5

55.3

54.3

5

4.8

5.1

4.89

5.2

76

75.1

73.6

77.9

74



Density testing

		Substance		Substance		Substance		Substance		Substance



7.00g agar / 100 ml water

9.06g agar / 100 ml water

11.08g agar / 100 ml water

White matter

Grey matter

Substance

Density (HUs)

23.86

27.81

36.19

27

34



Sheet1

		Density Testing		Substance

				7.00g agar / 100 ml water		9.06g agar / 100 ml water		11.08g agar / 100 ml water		White matter		Grey matter

		Density (HUs)		23.86		27.81		36.19		27		34

		Simple Model (Set 1)		Volume		Volume		Volume		% Error		% Error		% Error

		Actual Volume		11.5		24.5		32.8

		3x3		10.7						6.96

		7x7		12.1		28.0883		33.08		5.2		14.65		0.85

		3x3 @ 20		11.3						1.74

		7x7 @ 20		11.6						0.87

				11.5 ml model		24.5 ml model		32.8 ml model

		Simple Model (Set 2)		Volume		Volume		Volume		Volume		Volume		Volume		% Error		% Error		% Error		% Error		% Error		% Error

		Actual Volume		11.5		16.5		25.5		32.5		58		60

		3x3		11.2		15.9		25.9		31.5		56.34		59.2		2.61		3.6		1.57		3		2.8		1.3

		7x7		12		16.1		25.8		32.01		56.3		58.5		4.35		2.4		1.18		1.5		2.9		2.5

		3x3 @ 20		10.9		16.4		25		33.4		60		62.2		5.22		0.6		1.96		2.7		3.4		3.67

		7x7 @ 20		11.8		16.68		26		33.3		59		62		2.61		1.09		1.96		2.4		1.7		3.3

				11.5 ml model		16.5 ml model		25.5 ml model		32.5 ml model		58 ml model		60 ml model

		Simple Air Model		Volume of water (40.5 ml model)		Volume of air (40.5 ml model)		Volume of water (55 ml model)		Volume of air (55 ml model)		Volume of water (76 ml model)		% Error		% Error		% Error		% Error		% Error

		Actual Volume		40.5		5		55		5		76

		3x3		38.2		7.8		53.7		4.8		75.1		5.68		56		2.3		4		1.18

		7x7		40.13		7.6		54.5		5.1		73.6		0.91		52		0.9		2		3.16

		3x3 @ 20		40.2		5.25		55.3		4.89		77.9		0.74		5		0.55		2.2		2.5

		7x7 @ 20		40.1		8.2		54.3		5.2		74		0.99		64		1.3		0.8		2.63

				40.5 ml model				55 ml model				76 ml model

		Complex Model		Volume		Volume		Volume		% Error		% Error		% Error

		Actual Volume		61		63		69.8

		3x3		61.14		61.4		71.6		0.23		2.54		2.58

		7x7		62.7		64.8		72		2.79		2.86		3.15

		3x3 @ 20		59		62.31		72.7		3.28		1.1		4.15

		7x7 @ 20		58.6		65		69.5		3.93		3.17		0.43

				61 ml model		63 ml model		69.8 ml model





Sheet2

		





Sheet3

		






_1155981612.xls
Complex model

		61 ml model		61 ml model		61 ml model		61 ml model		61 ml model		0.23		0.23		2.79		2.79		3.28		3.28		3.93		3.93

		63 ml model		63 ml model		63 ml model		63 ml model		63 ml model		2.54		2.54		2.86		2.86		1.1		1.1		3.17		3.17

		69.8 ml model		69.8 ml model		69.8 ml model		69.8 ml model		69.8 ml model		2.58		2.58		3.15		3.15		4.15		4.15		0.43		0.43



Actual Volume

3x3

7x7

3x3 @20

7x7 @20

Model

Volume (ml)

61

61.14

62.7

59

58.6

63

61.4

64.8

62.31

65

69.8

71.6

72

72.7

69.5



simple models set 1

		11.5 ml model		10.7		12.1		11.3		11.6		6.96		6.96		5.2		5.2		1.74		1.74		0.87		0.87

		24.5 ml model				28.0883						NaN		NaN		14.65		14.65

		32.8 ml model				33.08						NaN		NaN		0.85		0.85



Actual Volume

3x3

7x7

3x3 @ 20

7x7 @ 20

Model

Volume (ml)

11.5

24.5

32.8



simple models set 2

		11.5 ml model		11.2		12		10.9		11.8		2.61		2.61		4.35		4.35		5.22		5.22		2.61		2.61

		16.5 ml model		15.9		16.1		16.4		16.68		3.6		3.6		2.4		2.4		0.6		0.6		1.09		1.09

		25.5 ml model		25.9		25.8		25		26		1.57		1.57		1.18		1.18		1.96		1.96		1.96		1.96

		32.5 ml model		31.5		32.01		33.4		33.3		3		3		1.5		1.5		2.7		2.7		2.4		2.4

		58 ml model		56.34		56.3		60		59		2.8		2.8		2.9		2.9		3.4		3.4		1.7		1.7

		60 ml model		59.2		58.5		62.2		62		1.3		1.3		2.5		2.5		3.67		3.67		3.3		3.3



Actual Volume

3x3

7x7

3x3 @ 20

7x7 @ 20

Model

Volume (ml)

11.5

16.5

25.5

32.5

58

60



Simple air models

		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		Volume of water (40.5 ml model)		5.68		5.68		0.91		0.91		0.74		0.74		0.99		0.99

		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		Volume of air (40.5 ml model)		56		56		52		52		5		5		64		64

		Volume of water (55 ml model)		Volume of water (55 ml model)		Volume of water (55 ml model)		Volume of water (55 ml model)		Volume of water (55 ml model)		2.3		2.3		0.9		0.9		0.55		0.55		1.3		1.3

		Volume of air (55 ml model)		Volume of air (55 ml model)		Volume of air (55 ml model)		Volume of air (55 ml model)		Volume of air (55 ml model)		4		4		2		2		2.2		2.2		0.8		0.8

		Volume of water (76 ml model)		Volume of water (76 ml model)		Volume of water (76 ml model)		Volume of water (76 ml model)		Volume of water (76 ml model)		1.18		1.18		3.16		3.16		2.5		2.5		2.63		2.63



Actual Volume

3x3

7x7

3x3 @ 20

7x7 @ 20

Volume (ml)

40.5

38.2

40.13

40.2

40.1

5

7.8

7.6

5.25

8.2

55

53.7

54.5

55.3

54.3

5

4.8

5.1

4.89

5.2

76

75.1

73.6

77.9

74



Density testing

		Substance		Substance		Substance		Substance		Substance



7.00g agar / 100 ml water

9.06g agar / 100 ml water

11.08g agar / 100 ml water

White matter

Grey matter

Substance

Density (HUs)

23.86

27.81

36.19

27

34



Sheet1

		Density Testing		Substance

				7.00g agar / 100 ml water		9.06g agar / 100 ml water		11.08g agar / 100 ml water		White matter		Grey matter

		Density (HUs)		23.86		27.81		36.19		27		34

		Simple Model (Set 1)		Volume		Volume		Volume		% Error		% Error		% Error

		Actual Volume		11.5		24.5		32.8

		3x3		10.7						6.96

		7x7		12.1		28.0883		33.08		5.2		14.65		0.85

		3x3 @ 20		11.3						1.74

		7x7 @ 20		11.6						0.87

				11.5 ml model		24.5 ml model		32.8 ml model

		Simple Model (Set 2)		Volume		Volume		Volume		Volume		Volume		Volume		% Error		% Error		% Error		% Error		% Error		% Error

		Actual Volume		11.5		16.5		25.5		32.5		58		60

		3x3		11.2		15.9		25.9		31.5		56.34		59.2		2.61		3.6		1.57		3		2.8		1.3

		7x7		12		16.1		25.8		32.01		56.3		58.5		4.35		2.4		1.18		1.5		2.9		2.5

		3x3 @ 20		10.9		16.4		25		33.4		60		62.2		5.22		0.6		1.96		2.7		3.4		3.67

		7x7 @ 20		11.8		16.68		26		33.3		59		62		2.61		1.09		1.96		2.4		1.7		3.3

				11.5 ml model		16.5 ml model		25.5 ml model		32.5 ml model		58 ml model		60 ml model

		Simple Air Model		Volume of water (40.5 ml model)		Volume of air (40.5 ml model)		Volume of water (55 ml model)		Volume of air (55 ml model)		Volume of water (76 ml model)		% Error		% Error		% Error		% Error		% Error

		Actual Volume		40.5		5		55		5		76

		3x3		38.2		7.8		53.7		4.8		75.1		5.68		56		2.3		4		1.18

		7x7		40.13		7.6		54.5		5.1		73.6		0.91		52		0.9		2		3.16

		3x3 @ 20		40.2		5.25		55.3		4.89		77.9		0.74		5		0.55		2.2		2.5

		7x7 @ 20		40.1		8.2		54.3		5.2		74		0.99		64		1.3		0.8		2.63

				40.5 ml model				55 ml model				76 ml model

		Complex Model		Volume		Volume		Volume		% Error		% Error		% Error

		Actual Volume		61		63		69.8

		3x3		61.14		61.4		71.6		0.23		2.54		2.58

		7x7		62.7		64.8		72		2.79		2.86		3.15

		3x3 @ 20		59		62.31		72.7		3.28		1.1		4.15

		7x7 @ 20		58.6		65		69.5		3.93		3.17		0.43

				61 ml model		63 ml model		69.8 ml model
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