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a b s t r a c t

This paper applies a recently proposed procedure for product design [Bagajewicz, M. (2007). On the role of
microeconomics, multi-scale planning and finances in product design. AIChE Journal, 53 (12), 3155–3170]
to the design of a medical diagnostics device. The case selected is a saliva diagnostic kit to detect kidney
disease, with targeted consumers of doctors, hospitals and clinics. The procedure proposes to make a
connection between consumer preferences in different markets to the characteristics of the product. The
procedure includes a price–demand model and maximizes the profit by simultaneously changing product
eywords:
roduct design
aliva diagnostics

characteristics and product price. A consumer preference model based on the kit performance as a function
of its design was developed to assess consumer choices. The best product from the consumer point of view
turns out not to be the most profitable.
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. Introduction

Medical diagnosis currently depends heavily on information
athered from blood tests, urine tests, biopsies, and physical
xamination. Saliva remains a largely untapped source of medical
nformation that can enhance diagnosis accuracy while saving the
atient from some of the discomfort associated with a blood test or
ther more invasive procedures. Many of blood’s constituents make
heir way into saliva, thus making saliva an indicator of the current
tate of the blood and the rest of the body. Many biomarkers, or sub-
tances used as indicators of biological states, can be readily found
n saliva. A road map for saliva diagnosis has been already under
iscussion for quite some time (Kaufman & Lamster, 2002; Li et al.,
005). In this paper, we focus on detecting symptoms and levels of
idney failure with a creatinine clearance test that utilizes saliva.

Kidney malfunction currently afflicts about one in twelve Amer-
cans. It is to blame for about 80,000 deaths per year making it
he ninth killer in the country. Also about a half million Americans
epend on dialysis or transplanted kidneys to survive (Caldwell et
l., 1994). A diagnostic tool that could catch kidney problems in its
arly stages can save these lives and keep people from having to

ndure dialysis or operations. The creatinine blood test correlates
evels of creatinine with kidney failure stages.

Urine forms mainly through passive diffusion, just like saliva,
o many of blood’s components exchanged at the kidney are also

∗ Corresponding author at: 100 E. Boyd St., T335 Norman, OK 73019, USA.
el.: +1 405 325 5458; fax: +1 405 325 5813.

E-mail address: bagajewicz@ou.edu (M. Bagajewicz).
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xchanged at the salivary glands. Thus, the concentration of crea-
inine in the blood ought to correlate with that in saliva. Because
f this similarity, it makes sense to test these metabolites (creati-
ine and others that may interfere with the test) in saliva, instead
f in blood (AACC, 2008), as the test would be less invasive, quicker
nd easier to make. The smaller the concentration of creatinine, the
ealthier the kidney because it is sufficiently removing creatinine

rom the blood.
The specific goal is then to identify the right design of the cre-

tinine clearance test, assess its false positives and false negatives
or diagnosis, build a consumer model that can help sort through
ll the decisions about the kit that need to be made and determine
oth the optimal kit and the most profitable kit, while maintaining
he product within FDA requirements.

The major features of the methodology rely on the ideas pro-
osed by Bagajewicz (2007) to use microeconomics models to
ake connections between consumer preferences, product price

nd structure, composition and or functionalities. A compromise
etween quality of the product as perceived by the customer and
rofit is found as needed. This contradicts directly the premise
sed by alternative product design procedures, like the one pro-
osed by Cussler and Moggridge (2001) or Seider, Seader, and Lewin
2004), who advocate the identification of consumer needs first
nd use those as targets in the product design procedure without
ny other economical consideration. In other words: the best pos-

ible product, the one that would the most preferred by consumers,
egardless of price is first designed. The response to price and the
anufacturing cost is assessed later. In Bagajewicz’s model, all are

onsidered simultaneously and most important, products that do
ot fully satisfy the customer are allowed. It is important to also

http://www.sciencedirect.com/science/journal/00981354
http://www.elsevier.com/locate/compchemeng
mailto:bagajewicz@ou.edu
dx.doi.org/10.1016/j.compchemeng.2008.09.024
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Nomenclature

di demands of the product i
GFR glomerular filtration rate
Hik preference for product i in market k
Pcr plasma creatinine concentration
pi price of the product i
Scr salivary creatinine concentration
wikj weight score of the product characteristics j for

product i in market k
yikj s score of the product characteristics j for product i

in market k
Y total market consumer budget

Greek letters
˛ awareness function
ˇ product superiority function
� parameter (related to the elasticity)
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tions. A positive saliva test may lead to more invasive tests, but a
negative outcome could spare the patient and physician this incon-
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oint out how this methodology fits into frameworks currently
n use by several companies for product development. In partic-
lar, one should mention the Stage-GateTM Product-Development
rocess (SGPDP) to manage the product design process, once the
nderlying technology has been developed (Cooper, 2005). In turn,
or the technology development phase Stage-GateTM Technology-
evelopment Process has been recently proposed (Cooper, 2001,
002), which deals with all the innovation phases. Although the
ethodology proposed by Bagajewicz (2007) can be used to scope

he technology development part, it requires considerations and
odeling that has yet to be completed. In fact, the method is mainly

pplicable to the product development phase. This phase has var-
ous stages (concept, feasibility, development, manufacturing and
roduct marketing). The first two help shape up the product based
n consumer needs, consumer surveys and tests. At this stage the
ethod also suggests building a business case for each product

ption. The main assumption is that once the concept and the fea-
ibility have been tested one product to be refined will emerge.
agajewicz (2007) claims that consumer preferences and behavior
gainst price, as well as manufacturing costs, all treated simulta-
eously can help make the pre-cut choice better at these stages,

reventing decisions that can later face manufacturing roadblocks
especially cost) or marketing problems (lack of profitability for
xample).

v
p
t

able 1
omponents of saliva.

lectrolytes Concentration

odium 32 mmol/L
otassium 22 mmol/L
alcium 1.7 mmol/L
agnesium 0.18 mmol/L

opper 0.4 mmol/L
ead 0.55 mmol/L
obalt 1.2 mmol/L
trontium 1 �mol/L
ydrogen Carbonate 20 mmol/L

odide 10 �mol/L
romide 14 mmol/L
ypothiocyanate 1.2 �mol/L
itrate 1.1 �mol/L
itrite 178 �mol/L
luoride 68 �mol/L
ulfate 5.8 �mol/L
Engineering 33 (2009) 1067–1076

Thus, instead of making the process sequential, he argues that
y incorporating elements of all steps, and especially the consumer
ehavior, one can sort out the different product choices better.
inally, although the current methodology has been that for the
onceptual and feasibility stages one wants to search for supe-
ior products by targeting consumer needs, this is not necessarily
rue under the scheme proposed by Bagajewicz (2007). In fact, a
ecent study suggested a scenario in which innovation was dis-
ouraged because of market preferences and consumer behavior
owards prices (Street, Woody, Ardila, & Bagajewicz, 2008). The
imple example of this work shows the same.

This article is organized as follows. First a background on saliva,
nd the kidney disease targeted is made. Then, the proposed test
ith the existing design options is discussed. Then the consumer
reference model is presented followed by the determination of
he optimal product from the consumer point of view. An analysis
f profitability follows indicating that an alternative design is more
dvisable.

. Saliva

Saliva is 98% water with some mucus and a wide variety of
lectrolytes (Table 1) (Aydin, 2007; Caldwell et al., 1994; Tenovuo,
989).

. Kidney failure test

The kidney’s main responsibility is cleaning the blood of waste.
wide variety of symptoms may prompt a kidney test to be used

AACC, 2008). These symptoms are:

High blood pressure.
Fatigue, less energy.
Poor concentration and appetite.
Trouble sleeping and night time muscle cramps.
Swollen feet and ankles.
Puffiness around eyes, particularly in the morning.
Dry, itchy skin.
More frequent urination.

Saliva testing can replace the initial blood test in these situa-
enience. When blood tests indicate elevated creatinine levels,
atients are usually asked to submit urine tests. For a 24 h period,
he patient collects and stores all urine they produce and returns it

Mucus Concentration

Mucopolysaccharides
Glucose 175 �mol/L

Metabolites
Bilirubin 15 �mol/L
�-ketoglutaric acid 2.4 �mol/L
Pyruvic acid 75 �mol/L

Proteins
�-amylase 650–800 �g/ml
Peroxidase 5–6 �g/ml
Secretory IgA 96–102 �g/ml
Lactoferrin 1–2 �g/ml
Fibronectin 0.2–2 �g/ml

Cells 32 mmol/L
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Table 2
Kidney disease stages.

GFR Stage Description Treatment

90+ 1 Normal kidney function Observe, control blood
pressure

60–89 2 Mildly reduced kidney
function, with urine
abnormalities, indicates
kidney disease

Find out why kidney function is
reduced

30–59 3 Moderately reduced kidney Make a diagnosis with
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function additional testing
5–29 4 Severely reduced kidney

function
Plan for end stage renal failure

4 down 5 End stage kidney failure Dialysis and/or transplant

or analytical testing. Through the use of a salivary test, the patient
ay altogether circumvent the use of a blood test in this sequence.
Salivary levels of creatinine share a close relationship with

erum levels, with an average concentration 10 times less than
erum (Lloyd, Broughton, & Selby, 1996):

cr = 10Scr (1)

here Pcr is the plasma creatinine concentration and Scr is the sali-
ary creatinine concentration.

An elevated creatinine level in the blood suggests kidney mal-
unction. The creatinine concentration in the blood is related to the
lomerular filtration rate (GFR). The glomerulus is a web of capil-
aries that functions as the first interface between the blood and the
idney at the Bowman’s capsule. Doctors use GFR most frequently
o identify the stage of kidney disease progression. A healthy pair
f kidneys will have a GFR above 100 mL/(min 1.73 m2) (National
idney Foundation, 2008). The reason the surface area is included

s to adjust the value to body size. A GFR below 14 is a sign of end
tage kidney failure. Simply put, the GFR is the rate at which toxins
re removed from the body’s blood. Correlations between serum
reatinine concentration and GFR are available, and can be used
o develop an equation relating GFR to salivary creatinine concen-
ration. The Cockcroft–Gault equation relates the GFR to the mass
nd age of the patient as well as the salivary creatinine level Scr

mmol/L) (Levey et al., 1996):

FR = (140 − age)mass
8150Scr

(2)

able 2 shows the relationship between GFR and the stages of kid-
ey disease (National Kidney Foundation, 2008). The description of
he symptoms and the advised treatment is also given.

. The test

The chemistry used in the creatinine clearance test is the Jaffe
eaction which involves the combination of picric acid with crea-
inine to produce the so-called Janovsky complex, which has a red
olor (Sanders, Slotcavage, Scheerbaum, Kochansky, & Strein, 2005).
spectrophotometer tracks the extent of reaction by following the

ntensity of the red color. The assay also requires NaOH to provide
n alkaline environment in which the picrate will form picric acid,
he active compound.

There are however some expected interferences produced by
ther compounds. False negatives can occur due to the influ-
nce of bilirubin (Weber, Van, & Zanten, 1991). Bilirubin causes
he apparent concentration of creatinine to decrease, so that a

atient with a high concentration of creatinine (indicating prob-

ems) might be told that they are healthy (false negative). To
ecrease this influence sodium dodecyl sulfate (SDS) can be added
Lolekha & Sritong, 1994). Interference leading to false positive test
esults is known to occur due to the presence of acetophenone,
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cetone, propiophenone, benzylacetone, cyclobutanone, cyclopen-
anone, cyclohexanone, and acetohexamide (Butler, 1988; Kroll,
oach, Poe, & Elm, 1987). Carbonyl compounds like pyruvic acid,
-ketoglutaric acid, oxaloacetic acid, acetone, glucose and in par-

icular, acetoacetic acid are also known to falsely influence the Jaffe
reatinine reaction (Weber et al., 1991). Glucose and pyruvic acid
ause this to a much larger extent than those above and are the
nes taken into account here. Pyruvic acid, however, may not be a
alse positive after all. It is associated with the same renal failure
s creatinine is. It is also associated with hepatic failure (Diseases
atabase, 2008), for which very different symptoms than renal

ailure exist. It is also a symptom for other less common diseases
hereditary, vitamin B1 deficiency, etc.). Thus the doctor would be
ble to distinguish.

A salivary test has many advantages over a serum test. Because
here are no blood cells in saliva and a saliva sample does not
equire centrifugation before testing. The saliva’s ease of collection
ives it yet another advantage over serum testing in that the tools
re cheaper and easier to use. Before a patient can give blood, he
ust have the area from which the blood is drawn sterilized. The

hysician or nurse must then go in with a sterile needle and draw
he blood. Saliva diagnostics requires a less expensive and less
nvasive vial.

Finally, regarding the speed of the test, it has previously been
hown that 5 min of rest after eating is sufficient time for a patient’s
outh to be free of food particles (Levey et al., 1999). A patient
ith a dry mouth may be asked to chew inert paraffin gum for up

o 2 min to stimulate flow. Collecting 5 mL of saliva is simple and
ives a copious amount for a saliva test.

. Product design options

Various product designs were proposed. Two sets of criteria
ere used as a basis to propose different designs. It is clear that the

evel of minimum detectable concentration will have a big impact
n product preference. The second criteria for design deals with
ncluding/excluding certain components which help to counter the
ffects of interfering compounds in saliva.

.1. Minimum detectable concentration options

Two options were considered: one option sets a low minimum
etectable concentration of 16.8 �mol/L, while the other sets it at
0 �mol/L. The product able to detect low concentrations of creati-
ine is to be used with a spectrophotometer and therefore includes
tandardization material. It is designed to provide information pre-
ise enough to indicate Stage 2–5 kidney failure. The second case,
n which only high concentrations of creatinine are able to be
etected, may be observed visually and does not need standard-

zation material for spectrophotometry. However, this test is not
ensitive enough to determine the lower stages of kidney failure.

.2. Inclusion of anti-interference components

To deal with the interference of certain components, four
ptions were considered which addressed the issue in different
ays. The first option was to add nothing to the test to counter the
egative or positively interfering components. The second option

ncludes SDS to counter the negatively interfering bilirubin, but
oes nothing to deal with the possibility of positively interfering

ompounds. A glucose meter was included in the third option so
hat consumers may test their glucose level in the event that they
eceive a positive test result and wish to check if it may be due to
bnormally high levels of glucose. The third option does not include
ny additives to counter negatively interfering components. The
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Table 3
Design options.

Minimum detectable concentration Inclusion of anti-interference
components

Low Option 1: No additives
16.8 �mol/L
Stages 2–5 Option 2: SDS included to counter

negative interference
Spectrophotometer
Includes standards Option 3: Glucose meter to

monitor positive interference
High

40 �mol/L Option 4: SDS and glucose meter
counter interference
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Table 4
Weights.

Characteristic Weight (%)

Sensitivity 25
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tual undertaking of the procedure is described in detail elsewhere
(Bagajewicz, 2007; Street et al., 2008). We now discuss each of the
product characteristic preferences in detail.
Stages 4 and 5
Determined visually
Standards unnecessary

ourth option includes SDS and a glucose meter to manage both
ositive and negative interference. The various costs and prefer-
nce parameters associated with each option were included in the
conomic analysis.

All design options are shown in Table 3.

. FDA approval

A salivary diagnostic device falls under the FDA’s regulation.
he creatinine assay would be considered a medical device, which
s regulated by the FDA’s Center for Devices and Radiological
ealth (U.S. Food and Drug Administration, 2007). The first step

n the approval process is to classify the device. There are three
ifferent classifications, each with differing amounts of approval
equired. A salivary creatinine test falls into category II, meaning
hat pre-market notification is required, but the much more exten-
ive pre-market approval is not.

The main purpose of pre-market notification is to establish
ubstantial equivalence. In the case of this device, the test must
ompare to a blood test and meet the following requirements:

Must have the same intended use as the predicate; and
Must have different technological characteristics and the infor-
mation submitted to FDA:
© does not raise new questions of safety and effectiveness; and
© demonstrates that the device is at least as safe and effective as

the legally marketed device.

Other regulations imposed by the FDA are called Good Market
ractices or Quality System Regulation. These criteria must be met,
nd pertain to issues such as design, process control, employee
raining, etc.

. Consumer preference model

The first step of the methodology is to assess consumer prefer-
nces. We use a linear weighted average of consumer preferences
f specific characteristics

ik =
∑

j

wikjyikj (3)

here Hik is the preference for product i in market k, yikj is the score

f the product characteristics j for product i in market k and wikj the
orresponding weight. In our case, we use only one market, so the
reference refers to a product only.

We use the following product characteristics:
alse negative rate 26
alse positive rate 27
atient discomfort 22

Sensitivity: Describes the ability of the test to detect very low
levels of the target compound. The lower the detectable levels,
perceivably the better the diagnosis ability.
False negatives: An important parameter to evaluate for consumer
preference as well as consumer safety. False negatives are test
results that indicate the patient is healthy when they are actu-
ally unhealthy. They occur because bilirubin causes the apparent
concentration of creatinine to decrease.
False positives: An important parameter, although less crucial than
the false negatives. False positives prompt the realization of an
additional test. As described above pyruvic acid, present in saliva
can also react with creatinine causing its apparent concentra-
tion to increase. Because this is not a false positive, unless not
accompanied by other symptoms of liver failure we only worry
about glucose, whose level determination might or might not be
included as part of the test, depending on the design.

The first step is to establish the value of the weights, which
s done using consumer surveys. These weights are used to cre-
te a relation between the different consumer properties so that
hey can all be integrated and considered in a product design

odel. The important characteristics, along with their respective
eights appear in Table 3 and where obtained using informal polls

Table 4).
We now make a scale of preferences for each of these attributes

sing consumer surveys. In our case, we interviewed informally
octors and patients. This approximation to the real preference
rofiles is useful (and inexpensive) at first to determine if a more
igorous marketing approach is warranted later. Each of these
onsumer identified attributes are then connected to a physical
roperty of the test in order to influence the product design. At the
nd, a connection to a design option needs to be made. The concep-
Fig. 1. Consumer preference versus disease stage at diagnosis.
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Fig. 4. Consumer preference versus percent false negative.
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ig. 2. Relationship between disease stage and minimum detectable concentration
Lloyd, Broughton, & Selby, 1996).

.1. Sensitivity

Fig. 1 indicates how consumer preference changes with the sen-
itivity of the test. The sensitivity of the device is described by the
atient’s disease progression at diagnosis.

The sensitivity of the diagnostic device can be related to the
etectable concentration limit of the test. By relating sensitivity to
oncentration, a qualitative measure of consumer preference can be
uantified and related to a physical property of the product. Fig. 2
hows the way in which kidney disease state varies with minimum
etectable concentration.

Using this relationship, consumer preference can be related to
he minimum detectable concentration of the diagnostic test. This
roduces a curve as shown in Fig. 3.

.2. False negatives

Fig. 4 shows the consumer response to the percentage of tests
hat give a false negative. The consumer preference decreases
apidly with increasing percent false negative.

As stated above, false negatives can occur due to the presence
f bilirubin (Weber et al., 1991). Bilirubin causes the apparent con-
entration of creatinine to decrease, so that a patient with a high
oncentration of creatinine (indicating problems) might be told
hat they are healthy.
In order to quantify the percent false negatives that would occur
hrough the use of a saliva creatinine test, it is important to deter-

ine the percentage of patients at each stage of kidney failure and
he amount of bilirubin present in saliva. Fig. 5 shows the distribu-

Fig. 3. Consumer preference versus minimum detectable concentration.
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ig. 5. Distribution of patients with specific salivary creatinine concentrations (USA
enter for Disease Control and Prevention, 2005).

ion of patients having specific salivary creatinine concentrations.
hese concentrations correspond to glomerular filtrations rates,
hich correspond to the stages of kidney disease.

The average concentration of bilirubin in saliva is 15 ± 5 �mol/L.
sing a normal distribution, the percentage of patients with
0, 15, and 20 �mol/L was determined. Using data from the
iterature, the interference of bilirubin was found as a func-
ion of the bilirubin to creatinine concentration ratio (Weber

t al., 1991). Fig. 6 shows the ratio of apparent creatinine
oncentration to actual creatinine concentration versus the biliru-
in/creatinine ratio. From this figure, it can be seen that a
ilirubin/creatinine concentration ratio of 4, for example, would

Fig. 6. Bilirubin interference for a given [bilirubin]/[creatinine] ratio.
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Fig. 7. Reduction of false negative rate due to presence of SDS.
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As discussed above, we only expect glucose interference. It was
proposed that the addition of a glucose meter to the test kit would
decrease the positive interference by allowing the user to differ-
entiate between the concentration of glucose and creatinine. The
Fig. 8. Consumer preference versus Concentration of SDS.

ield a test result that is only 20% of the actual creatinine concen-
ration present.

Using this data, the creatinine concentrations that would yield
alse negatives for the average and the average ± the standard devi-
tion salivary bilirubin concentrations can be determined. Once it
s known what creatinine concentrations would give a false nega-
ive result, the percentage of patients that would generate a false
egative can be found using the distribution of patients previously
entioned. This gives the total percent false negative expected for

his test.

It has been found that the addition of sodium dodecyl sul-

ate (SDS) to the reaction solution decreases the interference of
ilirubin (Lolekha & Sritong, 1994). Fig. 7 shows the percent false
egative versus SDS concentration. The percent false negative
ecreases linearly with increasing SDS concentration until a con-

Fig. 9. Consumer preference versus percent false positive. F
Engineering 33 (2009) 1067–1076

entration of 140 mmol/L where the usefulness of SDS levels off
Lolekha & Sritong, 1994). Using this relationship, the consumer
reference was related to the concentration of SDS added to the
eaction solution. Fig. 8 shows how consumer preference varies
ith SDS concentration, obtained as a composite of the previous
ata (Figs. 4–7). Indeed, as SDS concentration increases, the number
f false negatives decreases, which increases the satisfaction.

.3. False positives

Fig. 9 shows the consumer response to false positives. The
esponse is similar to that for false negatives.

As described above, positive interference leading to a false pos-
tive test results is known to occur due to the presence of ketoacids
nd aromatic compounds (Butler, 1988; Kroll et al., 1987). From this
iterature, the apparent increase in creatinine concentration due to
he presence of these compounds can be determined. Using the
verage salivary concentrations and the same data on the distri-
ution of patients with specific salivary creatinine concentrations,
he percentage of patients with the concentration of interferents
equired to produce a false positive result was determined. The per-
ent false positive associated with the test turned out to be much
maller than the false negatives associated with the test. Fig. 10
hows the percent false positive versus total concentration of inter-
ering compounds, which is linear. Fig. 11 shows the combined
elationship between consumer preference and concentration of
nterfering compounds.
Fig. 10. Percent false positive versus concentration of interferents.

ig. 11. Consumer preference versus concentration of interfering compounds.
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Fig. 12. Consumer preference for various test scenarios.
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Fig. 13. Consumer preference for various product scenarios.

ensitivity of the glucose test determines the final curve: if the
lucose meter is added, then the false positives are reduced.

.4. Discomfort

Consumer preference for discomfort is related to the compar-
son of a saliva test to a test in which blood is drawn. Here the
onsumer preference is 100% for the saliva test, and 50% for the
lood test, indicating that half of the patients are indifferent to
ither test.
. Maximum consumer preference

We now determine the product that consumers would prefer
ost. To do this, consumer preference (H1) for different levels of

u
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Fig. 14. Values of ˇ for vario
Fig. 15. Consumer awareness versus time.

nterference was calculated using Eq. (3) and plotted for various
etectable concentrations (Fig. 12). These plots were created for
our interference scenarios. The first was with nothing added to
ecrease interference, the second with only SDS added to reduce
egative interference, the third with a glucose meter used to quan-
ify the positive interference, and the fourth with both SDS and a
lucose meter.

Not surprisingly, consumer preference is maximized for the test
ith the minimum detectable concentration and both SDS and a

lucose meter. Also, the test with SDS added has a higher con-
umer preference than with just the glucose meter because the
egative interference has a larger effect than the positive interfer-
nce. Clearly, the test with no additives yields the lowest consumer
reference, because it has the most interference.

. Pricing model

We use a constant elasticity model proposed by Bagajewicz
2007).

1d1 =
(

˛

ˇ

)�

p2

[
Y − p1d1

p2

]1−�

d�
1 (4)

2 = Y − p1d1

p2
(5)

In these expressions, d1 and d2 are the demands of the new prod-

ct and the existing products, respectively and p1 and p2 are the
orresponding prices. In turn, ˛ is the awareness function (zero
hen consumers are not aware of the new product and one when

hey are fully aware), ˛ is the awareness function (explained in
etail below), and ˇ is the product superiority function, which is

us product scenarios.
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ig. 16. Price and demand for different minimum detectable concentrations (Prod-
ct option 1: without SDS or glucose monitor).

he ratio of the consumer preferences (ˇ = H2/H1). Finally � is a
arameter (related to the elasticity; here we used 0.75) and Y is the
otal market consumer budget (3.6 million in our case). Bagajewicz
2007) discussed in detail the advantages and shortcomings of the
bove model in view of other alternatives.

0. Superiority function

We now compare the consumer preference for the saliva test
o the serum test by calculating the consumer preference with the
erum test and dividing that value by the various preference val-
es for the saliva test. The consumer preference value is plotted

n Fig. 13 versus minimum detectable concentration for various
roduct options (Fig. 14).

The values of ˇ used for the economic analysis were first chosen
t the highest and lowest minimum detectable concentration, and
hen for the four interference scenarios.

1. Awareness function
The awareness function (˛) is a function of time, advertising, and
rofessional education. Fig. 15 gives an example of how ˛ varies
ith time, ultimately reaching a value of one which indicates per-

ect knowledge of the new product.

ig. 17. Price and demand for first 3 years for one product option (low minimum
etectable concentration with SDS to counter bilirubin effects leading to false neg-
tives).

i

s
o
w
t

F
o

ig. 18. Price and demand for various product options (low minimum detectable
oncentration).

Awareness (˛) can be shifted to the left mainly through advertis-
ng thus increasing the demand for the new product. Additionally,
ctively spreading knowledge of the test to medical professionals
ill shift ˛ even further to the left. This is not considered in this
aper.

2. Demand

The demand as it varies with price is shown in Fig. 16 for both
igh and low minimum detectable concentrations. We consider a
onsumer budget (Y) of 3.6 million and a competitor price of $10
er test. The test that is able to detect lower concentrations of cre-
tinine has a lower beta value due to the more appealing aspects of
test that can indicate earlier stages of kidney failure, causing the
emand to be higher than that for the high minimum detectable
oncentration product.

While the demand was higher for the low minimum detectable
oncentration product, it was also more expensive to manufacture
ecause of the need to include standards. Because of the cost dif-
erence, it was important to determine the net present worth by
ncluding both demand and product cost.

Demand was calculated for the first 3 years of the project for

cenarios with low minimum detectable concentrations and vari-
us options for dealing with interference. Fig. 17 shows the case in
hich SDS was added to the product. The demand is higher in years

wo and three due to the increase in consumer awareness.

ig. 19. NPW over 3 years for different minimum detectable concentrations (Product
ption 1: without SDS or glucose monitor).
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ig. 20. NPW over 3 years for various product scenarios (low minimum detectable
oncentration).

In these two graphs, the decreasing trends show that consumers
re less willing to choose the new product over the existing product
s the price of the new product increases, even though it might have
ore appealing properties.
Fig. 18 shows how demand varies with price in the first year for

ach of the four anti-interference options. Each option was analyzed
or a low minimum detectable concentration design.

The lowest demand is for the product that has no additives to
anage the interfering compounds. The glucose meter is seen to

e less important than the addition of SDS as indicated by the
ower demand. The option with the highest demand is the one
ncluding SDS to counter the negative interference from biliru-
in and also includes the glucose meter to monitor glucose levels.
ower beta values result in higher demands. However, it is again
mportant to realize that the option with the highest demand
oes not necessarily correspond to one that is the most prof-

table due to the costs associated with adding components to the
esign.

3. Maximizing profit

As previously mentioned the most profitable scenario must be
etermined by net present worth (NPW) and not demand alone.
hile the demand for the product able to detect low concentra-

ions of creatinine was higher than that of the product only able to
etect creatinine concentrations above 40 �mol/L as seen in Fig. 16,
he manufacturing costs were also higher. NPW accounts for both
ost and demand and is plotted at different selling prices for both
he high and low minimum detectable concentration scenarios in
ig. 19 (advertising effects have been ignored at this stage). To sim-
lify our analysis, some fixed costs associated to manufacturing
ave been ignored. They can only shift curves up and down, so the
onclusions do not change.

In this case, the higher demand for the product detecting lower
oncentrations was a larger contributing factor to the NPW than
he higher manufacturing costs that accompanied the product. This
PW calculation determined that a product detecting lower con-
entrations of creatinine was more profitable.

The four anti-interference options were then applied to the low
inimum detectable concentration scenario and their NPWs were

etermined. Fig. 20 shows how NPW for each option changes with
he selected selling price. The maximum in each trendline indi-
ates the best price for each option. Prices set too low will not

ring in enough revenue to create a profit, but prices that are too
igh will lower the number of consumers willing to purchase the
roduct.

As seen before, lower beta values, which indicate an increased
onsumer preference, correspond to greater demands. However,
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ower beta values do not necessarily mean more profitable prod-
cts. When factoring in the expense associated with the various
ptions, it was determined that the most profitable option was
hat of the product with SDS to counter negative interferences,
ut without glucose monitoring. While including a glucose meter

ncreases demand by reducing the likelihood of false positive read-
ngs, it is not the best option because the increased demand is not
ubstantial enough to justify the large added expense. The opti-
um selling price is $4 per test and results in a NPW of $10 million

or an ROI of 10%. Only slightly less profitable is the product with
o additives sold at either $3 or $4 per test and also the product
ith SDS sold at $3 per test, all of which have NPWs above $9.6
illion.
We now conclude that the nest step is to perform some analy-

is of the influence of uncertainty, especially if market information
ike market size (Y), consumer preferences (ˇ), as well as consumer
wareness (˛) is considered in a fuzzy manner at very early stages
f product development. Other extensions that need to be made
re the response of the competition, multiple market pricing, etc.,
hich is left for future work.

4. Conclusions

The use of saliva as a diagnostic fluid as opposed to blood is an
bvious alternative, and has previously been shown to be appli-
able towards diagnosis of various diseases. The use of creatinine
o diagnose kidney health is an established practice that trans-
ates well into the development of a salivary assay. In this study,
t has been shown that the development and marketing of a sali-
ary creatinine test would be a profitable venture. Through the
nalysis the test kit the consumers would prefer the most was
hown to be less profitable than a design that would take care of
he false negatives but not false positives, with high test sensitiv-
ty.
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