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ABSTRACT

Currently, assessing superioritf a diagnostic test requires cumbersome calculatiand confusing
interpretations because of nonlinear Receiver QipgraCharacteristic Curve (ROC). To remedy these
difficulties, this article prepares, provides asienalternate geometrapproach. That is, a simple but more
effective visual approach with two complementarysaio masonrieare constructed with their properties,
superimposed and utilized. First masonry is cood#él on disease statu¥he second masonry is
conditional on test outcomeBy superimposing both masonries and visualizingr tbreerlap territory, our
approach utilizes an angleto assess superiority of a diagnostic test. A bygsis testing procedure is also
devised to compute the significance level of aimeed angle. The statistical power to accept @ angle

is developed in the procedure. In the end, the ejots¢ properties and advantages of mosaic masaraes
illustrated using medical and public health data.se

Keywords. Sensitivity, Specificity, Prevalence, Geometry, ¥en Index, ROC Curve, Positive and
Predictive Values

1. INTRODUCTION

where, the notations D and denote an event of illness
or healthy state respectively. To further understand,
suppose that,pand pdenote respectively the proportion
Quite often, a prelude to select a suitable medicalof participants with positive and negative resulta
treatment, a physician or surgeon demands thenpdtie  diagnostic test. Then, H,, =p,PPvand
undergo a diagnostic test. For examples, the ubiloed,
tissue, EKG, X-rays, sonogram and other laboratesy a
outcomes are utilized to select an appropriatetrireat (-, D)respectively.
for a patient. The diagnostic test results proaddue or On the contrary, Hg, =@1-m@-S) and
confirmatory evidence about an illness. Not eveeyon o ) _
with a posiive result (+) is necessarily inflictagth an ~ Ho- =71~ $)signify discard in the set+, D) and (-, D)
illness. This idea is called Positive Predictiveldéa  respectively. The harmonies and discards are this ba
(PPV). Likewise, not everyone with a negative regyl formulate mosaic masonry later in the article.

1.1. Motivation for Visuals

H,_ =p- NPV portray harmonyin the sets (+, D) and

is necessarily healthy with immunity to an illne$is Alternate to PPV and NPV are sensitivity,)(&nd

idea is called Negative Nredictive Value (NPV). specificity (S). In probability terminologies, they are
To be specific, note that Equation 1 and 2: Equation 3 and 4:

PPV=Pr(D}) 1) S, =Pr¢|D) 3)

And: And:

NPV =Pr(D|-) @) §,=Pre D) (4)
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Suppose that the proportion of participants with an
illness isrt= Pr (D) and it is referred as prevalence of the
ilness. The Sand § are recognized as True Positive
(TP) and True Negative (TN) in the literature. Thei
complements 1-Sand 1-§ are False Positive (FP) and
False Negative (FN). However, .5 = 1S, and
H_; =(-mS, denote alternate harmonigsthe sets (+,

D) and (-, D). On the contraryH,; =(1-m)@-S,) and
Hp = (1-mS; signify alternate discardespectively in

the sets(+, D) and (-, D). These harmonies and discards
are complementary basis to formulate an alternate

mosaic masonry later in the article.

The well-known Youden index | =.§§, -1 plays a
crucial role to identify a superior diagnostic 18dte index,
| integrates only sensitivity and specificity arehbe, it is a
conditional measure of superiority in the knownsprece or
absence of a disease (Youden, 1950). In this s¢inse,
Youden index is a restrictive measure to descrimee t
superiority of a diagnostic test. Larger valuehsf index, |
means more superior diagnostic test only in aicdst
scenario. The value of the index, | does not rewémdther
sensitivity or specificity is high and it is a wealss of the
index, I. High sensitivity with a low specificityr dow
sensitivity with a high specificity is a possihjlieven for a
given value of the Youden index. A mosaic masoarye
constructed in this article is a better alternagethe
disadvantageous Youden Index, |I.
denotes superiority of a diagnostic test in the esam
conditional scenario of Youden index but is morésaal.
The mosaic tile area is.§ (Fig. 1) which is not large
unless both Sand § are large and in this sense, the tile
area is better index than the Youden index.

Likewise, in a superior diagnostic test, the sum of

PPV and NPV needs to be large. Both PPV and NPV are

built in a less known index, J PPV+NPV-1.
Shanmugam (2008) for definition and propertieshaf t
index, J. This index is also a restrictive meastoe
indicate superiority of a diagnostic test only irgiaen
scenario of details about test results. Large valuthe
index, J means a superior diagnostic test andwécsa.

A high value of the index, J does not indicate \Whet
both PPV and NPV are high and it is a weaknessi®f t
index, J. High PPV with a low NPV or low PPV with a
high NPV is a possibility for a given value of
Shanmugam’s index, J. Mosaic masonry to be coristiuc
in this article based on PPV and NPV is a better@dte
to the restrictive measure J about the superiaftya
diagnostic test. The mosaic tile area, PPV*NIF(2) is
large only when both PPV and NPV is large and ia th
sense, the masonry is preferable to the index,h& T
masonry tile area is a visual and easy to construct
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The mosaic area

(1,1}
B: (0. 8,)
e —————> —_
"
C: (S, S.)
il L
D: (S,. 0)
A (0, 0)
Fig. 1. Mosaic tiles
B: (1-PPV. 1)
N ’
D: (1. 1-NPV)

¢.
A: (1-PPV, 1-NPV)

Fig. 2. Complementary mosaic tiles

Both indices, | and J are linked via a conceptcivhi
was named double anchors by Shanmugam (2008). He
showed that the prevalence, PPV, NPYafd $ are all
inter-connected. One anchor weighs g+and another
anchor weighgt (I-) 1. When both anchors weigh the
same, a diagnostic test is quite balanced. Otherwis
there is an imbalance in a diagnostic test. Thealarize
among the anchors is captured By|p.p.J-T(I-m0l|.
Another byproduct of the double anchoring ideans a
authentication levelShanmugam (2008) distinguished a

AMJ



Ramalingam Shanmugam / American Medical Journ&):41Q-20, 2013

circumstantial from compelling evidence using Property 7. Consequently, note that the angl&BD (or

authentication levels. its equivalent angl&]ACD) is:
However the evidences in a diagnostic data analysis
turn out, there is a duality between the indicead J. 8, =tan™ (m )
Both indices are like two sides of a coin. A negati
value of | (likewise of J) means an inferior diagtio When, m = 1, the angle. When, the angle>45° .

test. The positive value of | (likewise of J) refen  When m>1, 6,<45°. The baseline value for the angle is
superior diagnostic test. Both indices detect a8ap  45°. Another implication is that the angle decrease
dlagnqstlc test wher.1.|t exists, though the apprea@e  ,oro when the specificity decreases to zero (or
opposite but conditional. Why’) not crossbreed both o ivalently, the points A and D collide while theints
approaches to obtain their bests? This is achievéuis B and C collide together). On the contrary, thelang

article via superimposed mosaic masonries. increases to 90° when the sensitivity decreasezeto
Next, mosaic masonry concepts are formally defined, ) . y dec i
(or equivalently, the points A and B collide whilee

developed and utilized as an alternate visual agprdo . ;
: : . I points C and D collide together).
ROC. They are illustrated using medical and ' All above discussions about the test results pettai

Lastly in the article, conclusive thoughts areestat a restrictive scenario of known state about theeds.
1.2. Constructing M osaic Masonries With no given knowledge about this scenario, thevab
d properties are quite meaningless and obsolete.
Likewise, a complementary mosaic masonry andlds ti
areas in a unit square asHig. 2 below can be constructed
to denote the harmoniesi,, =p,PPV, H,_= p NPV and

discardsHg, = p,NPV H,_=p PPV with the properties 8

A mosaic masonry connecting sensitivity an
specificity can be constructed in a unit squarandsg.
1 below, so that the tile areas indicate harmonies
H.,, =7S,,H; = (1-m)§ and

discardH, =(1-m@-S)H =11~ S . Various
P (=m( S”)_ ° ,n( 3 through 14 below.
properties of the mosaic ifig. 1 are explored and
catalogued below. Property 8. The tile area ABCD ifFig. 2 is 0, = PPV*

NPV which signifies superiority of a diagnosticttebout

the disease status from a conditional point of vié\given

diagnostic results. The domain fdg is [0, 1]. Unless both
PPV and NPV are large, the tile area, is not largehence,
it is better index than the Shanmugam’s index, J.

Property 1. The tile area ABCD id]; =§*S, which
signifies superiority of a diagnostic test. The @imfor
0, is [0, 1]. Unless both sensitivity and specificéye
large, the tile ared)l; is not large and hence, it is better
index than the Youden index, .

Property 9. The odds for a diagnostic test to be superior

is odd, = @0," - 1. This odds increases when the tile
area ABCD inFig. 2 increases.

Property 2. The odds for a diagnostic test to be superior
is odd = ;- 1*". The odds increases when the area
increases.

Property 3. The slope of the positive diagonal AC is Property 10. The slope of the positive diagonal AC in

0 - S which is iust mi Fig. 2 m, =22 =NPV°
m, :S—z1 or equivalently,m, :D—e which is just minus of 9 2"PPV 0,

p 1 . .
the slope of the negative diagonal BD. slope of the negative diagonal BD.

is which is just minus of the

Property 4. The positive diagonal AC and negative Property 11. The positive diagonal AC and negative

diagonal BD are perpendicular to each other. diagonal BD are perpendicular to each other.
Property 5. The angles <ABD and <ACD equal to a Property 12. The anglesIABD and UACD are equal to
common amoun®, whose range is [0, 90°]. a common amour@; whose range is[0,90°]

Property 6. The diagonals AC and BD are equal to a Property 13. The diagonals AC and BD are equal to a
common lengthd; which is just the tile area ABCD, common lengthll, which is just the tile area ABCD,
implying that the tile are increases at the sante a&  implying that the tile are increases at the sante &
their diagonals. their diagonals.
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Property 14. Consequently, note that the angl&BD
(or its equivalent anglelACD is: (1.1

6, =tan" (m,)
1-PPV

When, m = 1note thatd, = 45°. When np1, the
angle become8,>45°. When rp<1, the angle B,<45°.

The baseline value for the angle is 45°. Another
implication is that the angle decreases to zerorvthe
PPV decreases to zero (or equivalently, the pdirasid

D collide while the points B and C collide togethedn

the contrary, the angle increases to 90° when tRh® N
decreases to zero (or equivalently, the points 4 Bn
collide while the points C and D collide together).

These discussions about the illness pertain to a
restrictive scenario of given diagnostic test reswlith >
no given knowledge about this scenario, above ptiege S5
are quite meaningless and obsolete. The discusisasesi
on Fig. 1 and 2 are one sided but they are quite parallel.
They need to be crossbred to be unconditional an
realistic. Such crossbreeding is feasible by sogmrsing
both mosaics masonries on one another, as sd€g.i8.

In the crossbred results, subscripts are dropped.

A dependence measure, C of the event, D of being B: (1.PPV. S) C: (S, S.)
with illness and the event, + of getting positiesult in a B :
diagnostic test is defined and identified. The ateés
zero when the events D and + are independent.

With PPV = NPV or §= §, or when the tiles do not N
overlap as an extreme case, the dependence mé&agire ®
zero. When the two tiles perfectly overlap as aeoth E
extreme case, the dependence measure C is one.
Otherwise, there is an intermediate dependencyl leve a
between the illness and diagnostic test outcomés. T N
measure C is in the closed interval [0, 1]. To Hart
visualize and understand its implications, theaegtlar
segment enclosing C is zoomed out as displaydégn
4. Subsequently, several properties of the depemdenc L9
measure C can be extracted using fundamental ldws o .3
triangles and rectangles as they are done belowserh >l
properties help to develop a new assessment taghiiqg
check superiority of a diagnostic test. There are
advantages in this new visual method of assessaseint
integrates the masonriesking. 1 and 2.

¥ 4]

|
|
|
|
|

dFig. 3. Dependence measure, C

A:(1-PPV, 1-NPV)

D: (S,. 1-NPV)
Property 15. The area of the rectangle ABCD kig. 4 is
Equation 5:
Fig. 4. Dependence measure, C wher®€30°

0=(S,+PPV-1)(S+ NP\ 1
=(R, - ) +(R, - J) 5) Which signifiescrossbred measure abolduperiority

! 2 of a diagnostic test. The domain faris [0, 1]. Unless
+S,NPV+ § PPV 1) all (which includes PPV, NPV, sensitivity and
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specificity) are large, the tile ared,is not large. Hence,
the tile area,d is better than the Youden index, | or
Shanmugam'’s index, J.

Property 16. The odds for a diagnostic test to be superior is

Equation 6:

odd= 0 - 1y*

=[(S, + PPV-1)* (§+ NP\ 1y - 1f ©)

The odds increases when the dremcreases.

Property 17. Note that the intersection point E of the
diagonals in  Fig. 4 has co-ordinates

E: (%,1+ S - NPV)where Equation 7:

S +NPV-1
S, +PPV-1
S, + NPV-1
:( e D )2 (7)
_ O
(S, + PPV- 1f

Is the slope of the inclining diagonal AC and minus
slope of the declining diagonal BD.

Property 18. The length of the positive diagonal AC and
the length of the negative diagonal BD are equah to
common amount Equation 8:

02=(S,+ PPV-1f+ (S+ NPV 5 (8)
Property 19. The equation of the inclining diagonal, AC is:
y=S+m(x-§)

Or equivalently Equation 9:
y=1- NPV+ m(x+ PPV- 1) 9)

where, m is the slope of the diagonal AC.

Property 20. The equation of the declining diagonal, BD is
Equation 10:

y =S, - m(x+ PPV~ 1) (20)
Or equivalently Equation 11:
y=1-NPV-m(x-§) (12)
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C: (S;. S.)
B: (1-PPV. 8.)
E
5
k!
A:(1-PPV. 1-NPV)
D: (S;. 1-NPV)

Fig. 5. Dependence measure, C when -83&

Property 21. The trianglesAABD and AACD are
congruent and consequently, the anglésBD = 6 =
OACD.

Property 22. Furthermore, note that Equation 12:

S + PPV- 1

S+ NPV- 1)

The range for the angl® in (12) is [-90°, 90°].
When, the corners and diagonald-of. 4 are flipped to
appear like inFig. 5 but hold the above mentioned
properties ofig. 4.

g=tan™ (i): tan® (12)
m

Property 23. The optimal angle i® =+45° and it occurs
when § + PPV = §+ NPV. As an extreme, wheh- 0,
the points A and D collide as points B and C cellid
Likewise, as an extreme, whén. 90°, the points B and
A collide as points C and D collide.

The measure m is a better index than | andchéck
whether a diagnostic test is superior. The rangerfas
an unbounded bracketeq- ). Hence, in fact, more
preferable index is the bounded anfllecompared to
unbounded measure m.
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Now, the article focuses on developing a technigue Consider the data about the presence or absence of
obtain the significance level of an estimated arfjia rotavirus among a random sample of n = 393 children
(12). For this purpose, the estimated aryl]n (12) is  who vomited inTable 1 as reported in Tabue (1986).
assumed to follow a uniform distributiod (-90°, 0°) Consider the mammogram data of a random sample

when m in (12) is negative and a uniform distribnti] of n = 3,000 women from page 21 in Zhetwal. (2002)

(0°, 90°) when m in (12) is positive. When m in Y12 as inTable 2 below.

?:I?Zs)ltil\s/er;ethaeti\(/aé(pt?\((:atee?( V:(I:lt": dliaﬁé:isgg < X\érlen m in Whether infection occurred after surgery in a rando
9 ! P ' sample of n = 39 men in a hospital at Austin, Texa#e

In both cases, the dispersionZis same. Is an :
estimated anglé in (12) too small or too large compared not all of them had gone through MRI. Their resaits

to its expected value? The answer requires perfigrai ~ '€Produced from Shanmugam (2008Y able 3. _
hypothesis test using normal distributon as an TWO nurses independently examined tympanic
approximation for the estimated an@lén (12). For this ~ membrane in the eardrum of a random sample of @0= 1
purpose, we useds (90°-0°). That means=15° the null  ear patients about their ear infection. The resats
E hypothesis H [B]-|[E )| = 0 means the estimated angle displayed inTable 4 as reported in Le (2003).
0 in (12) is near its expected value. The altereativ Whether surgery has helped to control cancer velfs
hypothesis H [0]-||[E@)[#0 means the estimated anflén  answered by a random sample of n = 41 insured ésses
(12) is signiﬁcantly small or I_arge.. H(_)W likely ti;_ae null displayed irTable5 as reported in Agresti (2007).
hypothe5|s to be false and it is indicated by Heajue The slope m, angl@, p-value(that is, the probability
Equation 13: tor null hypothesis K [8]-|E@)|=0) to be true and
1 statistical power(that is, the probability to accept a
tan_l(** - 48 specific true alternative hypothesis:H; = 30° for the
15 ) (13) data inTable 1 through 5 are summarized Trable 6. In
all the data sets, except the first data on ratayithe
null hypothesis i |8|-||E@)| = O is rejected and it means

The null hypothesis is rejected when the p-value isthat the estimated angeis insignificant compared to its
smaller. With a selected level of significance he t expected value, 45°. In an evéhit= 30°, the chance of
statistical power to reject HB|-|E ©)|=0 in favor of a  accepting it is excellent in the 1st, 3rd and 5tt b
true specific alternative hypothes;H = || is power reasonable in other data sets. According to indiegs],

p-value= 2Pr(Z

Equation 14: the diagnostic test was slightly superior whenilthess is
rota virus, mammogram, surgical infectiand tympanic
tan™ (l # -6 _membra_ne but not in surgery tp control canthe slqpe m
~Pr-z,,] <7 is more in the case of tympanic membrand small in the
tan—l(i * T case of surgery to control canc&he angle is above its

m (14) expected angle 45h the case of “does surgery control

cancer?” but below in the case of rotavirus, mantamog
surgical infection and tympanic membrane.

Note that whend = |9|-p,| is near zero, it is called
contiguity in the literature. The power is low in the
contiguity locations. The contiguity occurs, with= 30°

To illustrate, 82 =0°,15°,30 ,60 ,75 and 90° withare and the estimatedd (Table 6), in the case of
considered later in the article. The above concapts ~Mammogram and tympanic membradata sets and
tools are illustrated using medical and health dmtess ~ hence, the power curve is low in those contiguity

tan™ (% % -6,
]

< Za/2

tan™ (l# - 45
m

from the literature. locations Fig. 6).
1.3. lllustration with Medical Data 1.4. lllustration with Health Data
We now examine how effective our visual We now examine how superior our visual
methodology of section 2 works in several mediathd methodology of section 2 works in several healtta da
in Table 1-5. Table7-13.
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Table 1. Rotavirus among children

Table 10. X-ray of patients

\R(’otavirusfl. Vomit? YleZG(D) ’1'205 S;% Tuberculosis?. x-ray? Yes (D)  NoD Sum
+
Ngs(_() ) - o 20 Yes () 22 51 73
Sum 168 225 393  No() 8 1739 1747
Sum 30 1790 1820
Table 2. Mammogram among women ) )
Cancer?. mammogram? __ Yes (D) ND Sum Table 11. Vietnam Veteran’s health _
Yes (+) 29 1881 1910 Vietnamveteran? nightmare? Yes (D) N® Sum
No (-) 1 1089 1090 ves (+) 197 85 282
Table 3. Patients surgical infection Sum 74 1010 1784
Infection? ~ MRI? Yes (D) NoD Sum Table 12. Screening for diabetes
mis(_(;) 22 1;‘ 123 diabetic?- more sugar? Yes (D) ND Sum
Sum 24 15 39 Yes (+) 56 49 105
No (-) 14 461 475
Table 4. Tympanic membrane infection Sum 70 510 580
Nursel?- nurse2? Yes (D) Nd Sum
Yes (+) 35 20 55 Table 13. HIV among homeless
No (-) 10 35 45 Used intravenous2 HIV?  Yes (D) NoD Sum
Sum 45 55 100 Yes () 7 2 11
Tableb5. Surgery to control cancer No () 4 10 14
= Sum 11 14 25
Cancer controlled surgery? Yes (D) NoD Sum
+
Eﬁs(_() ) ; 12é 123 Table 14. Assessment summary for data in Tables 13 throGgh 1
Sum 5 36 a1 Data type m q p-value  Power
Depression and anxiety 1.47 34 0.47 0.54
Table 6. Assessment summary for dataliable 1 through 6 Small-pox and vaccination -1.90 -27 0.24 0.23
Data type m e° p-value Power Condom use by couples 0.95 46 0.93 0.99
Rota virus -14.00 -4.1 0.01 0.78 TBand X-ray 267 21 0.10 0.55
Mammogram 156 -33.0 0.41 0.32 Veteran and nightmare -0.20 -78 0.02 0.99
Surgical infection 1.00 45.0 1.00 0.99 Diabetic and more sugar 1.76 30 0.30 0.04
Tympanic membrane 2.04 260 0.21 0.31 HIV and homeless 1.00 45 1.00 0.99
Does surgery control -0.50 -64.0 0.19 0.98
cancer?
1.2
Table 7. Depression with anxiety |
Depression anxiety®  Yes (D) ND sum '
Yes (+) 202 34 236 .
No (-) 28 13 41 . 0.8+ — SCTiES 2
Sum 230 a7 277 ‘E’ 06 Series 3
= T -_Series 4

Table 8. Small-pox incidence versus vaccinated children

Smallpox?. vaccinated? Yes (D) N® Sum
Yes (+) 4 119 123
No (-) 11 128 139
Sum 15 147 262
Table 9. Who used condom
Husband- wife? Yes (D) NoD Sum
Yes (+) 45 6 51
No (-) 7 40 47
Sum 52 46 98
% Science Publications

18

— SCTIES

— SCTiCS

100

(=]
h
(=]

Fig. 6. Power curves for data sets (series 1, 2, 3, 4 aard

5

1

for

rotavirus, mammogram, surgical infection, tympanic
membran and surgery control cancer respectively)
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The probability tor the null hypothesis:HB|-|E@)| =
0 to be true and thetatistical power (that is, the
probability to accept a specific true alternative
hypothesis Kt 6, = 30° for the data ifTable 7 through
13 are summarized ifable 14. In all the data sets, the

s Series 2

e Series 3

0.8
. — Scries 4 null hypothesis &t |8]-|E@)| = O is rejected only in the
2 06 Vietnam veteran’s data but not in other data satedt
< §  —Series 5 on their p-value. It means that the estimated afgte
0.4 _ significantly different from its expected value,°4énly
s Series 6 in veterans data but not in other data sets Invant®, =

30°, the chance of accepting it is excellent osogable
in all data sets except in “diabetic and more sudata
0— _ St 1 set. A reason for low power is it's near zero agutiy.

500 0 50 100 Whend = B|-p,| is near zero, it is callembntiguity in the
literature. The power is low in the contiguity |ticas.

Fig. 7. Power curves for data sets (series 1, 2, 3, 4d%are | he contiguity occurs, witB, = 30 and the estimatel
for depression-anxiety, smallpox-vaccination, cando (Table 14), in the case ofliabetic and more sugar data

use by couples, TB-x ray, Vietnam veteran’s nighiena  set and hence, the power curve is low in thoseiguity
diabetic-more sugar and HIV-homeless respectively)  |ocations Fig. 7).

W | » Series 7

A random sample of n = 277 patients in a mental
hospital were asked about their depression and/or 2. CONCLUSION
anxiety. The results are reproduced Tiable 7 from

Altham and Colton (2005). Based on the complementary mosaic masonries
Tabue (1986) collected data on smallpox incidenceWhich are introduced in this article, it is quitenple and
among children and they are displayed able 8. easy to visualize how superior is a diagnostic test

Ninety-eight randomly chosen heterosexual coupleswithout conditioning on test results or on the pres or
mentioned that at least one of them had HIV infetti  absence of disease status. Applied researchers trgh
Theé’ answg&e%lagquestlo(;]_ Whetrerz%r(;% or both usedious to trace factors which cause a diagnostt to
condom as imrable 9, according to _e(_ . )- be superior or inferior. An answer to their curigsi

A random sample of n = 1820 individuals was asked . . o

depends on a suitable regression methodology aisd it

about whether they had x-ray and tuberculosis tidac . : .
Their responses are displayedTiable 10 as mentioned ~ Necessary. Developing a suitable regression metbgyio

in Le (2003). is a topic for future research. Additional data aeeded

How many had nightmare among the veterans whoto check such regression methodology.
served in Vietnam war are reproducedriable 11 from
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