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" Previous studies. of the imaging performance of computed tomography (CT) scanners, and other

imaging modahhes, have failed to apply appropriate statistical methods to data analysis, thus
impairing the accuracy and significance of results. Given that imaging performance involves a
number of interrelated variables and an element of randomness, its empirical assessment requires
multivariate regression analysis. This method is used here to analyze anew a set of contrast-detail
data from a previous study on CT scanners. The main issues considered are the specification of the
proper functional form linking perceptibility, dose and contrast, the estimation of the contrast’

“and dose coefficients, and of scanner-specific gonstants to be used in computing indices of i imaging

quality. One of the main empirical findings is that the dose coefficient of the CT scanners studied

is significantly less than that- predicted by the theoretical model: 1/5 instead of 17/3. This result

suggests that actual dose used in routine clinical studies could be reduced substantially without - -
impairing much the quality of the imagés. On the other hand,- the coefficient of contrast does

correspond to its prechcted va]ue, 1.e;, 2/3..The methodology uSed here is niot limited to the

_ 4 iperformance ofany 1mag1ng modahty B

I. INTRODUCTION

- The main purpose of- this artlcle is to mtroduce and urge the : :
o .apphcatlon of the statistical methodology associated with.-
e multivariate regressron analysrs,"’ to the empmcal assess-

. .ment of image quality of computed tomogfaphy {CT) scan-
 ners and, by extension, of other imaging modalities as well.

e Followmg the emergence, constant 1mprovement and rap- "
O ld proliferation of a vast array of new imaging technologres =
" in the past decade, it has been a priority concern‘of radlolo— :

~ gists and medical phys1c1sts to devise acceptable means and

“standards for assessing the performance of these sysiems. A -

. great deal of work has been done for that purpose {particu~
larly in CT), but there seems to be a serious imbalarice in the
components of such research: whereas it does have well es-

tablished theoretical foundatlons, and is farrly rigorous— -

~ and imaginative—in the acquisition of data, it exhibits se-
" vere deficiencies in the choice and use of statistical methods

for data analysis. Not surpnsmgly, this has ledin some cases.
to erroneous conclusions, and has definitely impaired the -

-comparabﬂlty of results obtained in different studies. The
' main problems are

- (i) The exclusive use of bivariate rather than mult:vartate .
_ statlstlcal methods in the analysis of phenomena that encom- -

pass, in theory and practice, a number (> 2} of interrelated

variables. For_example, the estimation of _partlal (pairwise]
correlations between, say, detectability and contrast, or de-.

. tectability and dose, instead of estimating thestructural rela-
- tionship between all of these and related variables that joint-

ly determine the imaging behavior of a system. The most B
‘'severe consequence of this type of * specrﬁcatmn error’”is’
that the estimated coefficients (e.g., the dose coefficient of -
CT scanners).are most likely to be biased, and the same is

_true for the co_rrespondmg measures of statistical ‘signifi-
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-, contrast-detail framework, ‘but is applicable to, and indeed essenttal in, empmcal studles of the o

P

- cance {e: g standard errors)

" {ii) The failure to ‘““pool” (that 1s, to estrmate _]omtly) the _-l
data on the various systems being assessed; thus precluding

- the proper estrmatton of “figures of ment” for summary

comparisons among systems 2.

. {iii} More fundamentally, some of the apphed research:';"f*

'_ _done in this area has either ignored: altogether, or failed to. "
recognize that theoretical models (i.e., mathematical func- *

tions) descnbmg the properties of i imaging. systems are 1deal- _

" ized constructs to be used only as starting. hypotheses itis o
the task of the statistical analysis of empirical data to reveal '
the actual magnitudes. of the coefficients; and the approprl-

ate mathernaucal forms. .
I shall attempt to show the s1gmﬁcance of these and relat-
ed methodologrcal issues, by analyzing anew data on' “con-
trast-detail-dose” of CT scanners, with the aid of multivar--
jate regressions. These data were originally gathered and

“*analyzed by Cohen' and Cohen and DiBianca. z Subsequent- -

ly, Dr. Cohen kindly agreed to provide me: wrth their data in

: order to perform this study. As Suggested above, the ap-.
;proach put forward here can, and indeed should, be applied.

" not only to CT scanners, but to any 1magmg modality.. Con-!'

crete examples. of studies that call for such appllcatmn in- Y

clude: Wagner et al.on. radlographrc magmﬁcatron, Gould
et al. on intensified ﬂuorosooprc 1mages, and Smlth and Lo— o

pezon Ultrasound 3

I THE THEORETICAL MODEL INTERPRETATION
._'AND DOMAIN -

‘The mathemattcal relatlonshrp underlylng stud1es of im-".
age quality of CT scanners can be-stated as follows (for the?

‘ standard derlvatron see; for example, Ref 6)
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-where D represents dose, Fisa syStem-_sp’eciﬁc constant, and g

© . wand A have been interpreted in a variety of ways: Houns-

. field” and Bassano et al.® for example, take Au (o in their

notation) to mean “noise” (or “inaccuracy”, or “‘grain”) and

w actual pixel size, i.e., the object diameter divided by the -

" number of rows in the matrix. In that context noise is usually

. measured by the percentage standard deviation of the CT

numbers in a given area of a water bath or a similar statistic.
Southon® also interprets du to be noise, but takes w to be
spatial resolution (4~ in his notation), calculated from scans
of air holes and making use of modulation transfer functions
(MTFs)in a rather nonconventional way. A significantly dif-
ferent interpretation is that adapted in “‘contrast-detail”
studies such as in Refs. 1 and 2: they take Au to be contrast,
. predetermined in the construction of the phantom (its no-

_minal value at least) and w (d in their notation) to be “thresh- -

" old detectability”, i.e., the diameter of the smallest detect-

able dot in the scan, to be assessed by eyeinspection. The two,
. interpretations are, of course, equally legitimate, and repre-

sent different aspects of the same underlying phenomena,

‘connected via the concept of signal-to-noise ratios (see for .-~

* example Wagner et al.'). However, it remains to be seen

“  whether the two are also empirically equivalent (except for a
proportionality factor),”’ i.e., whether they will produce es-
sentially the same assessment of imaging performance, orat -

least comparable/consistent results.” _
The second issue has to do with the domam of the model

- that is, the range of values- of the__mdependent variables over
which the model is expected to hold, and the related issue of
its proper functional form, If taken literally, Eq. (1) implies

. that for a sufficiently large pixel size and/or dose, “noise”
can be made infinitesimally low or, conversely, that spatial
resolution can be increased as much as desired. But that i is
 clearly unfeasible: in the context of the “contrast-detail” in-
terpretation, for example,_ spatial resolution is. ultimately

“ bounded by the MTF, and contrast by the intrinsic or

“floor” noise of the system. The question is thus whether the
model should be regarded as essentially discontinuous, hold-
~ ing as in Eq. (1) but only within a reduced domain (to be

determined) or as smooth and continuous, in which case °

both the funct10nal form in Eq. (1} and its, coeﬁiments are at
issue. '

Finally, and regardless of the partlcular interpretation .

given toit, there is the question of the proper use of the model
in empirical research. As stated above, a theoretical model

- purporting to describe a given phenomenon cannot be taken

for granted, but has to be tested and verified' empirically..

. Until thati is done repeatedly and convincingly, it can only be -

© regarded as a tentative guideline for applied research. This is

particularly true in the case at hand: Equation (1) is'in facta .

description of an ideal CT system, based solely on the behav-

jor of x rays. But the actual imaging performance of a system .-
depends upon a host of factors that are not accounted for in -
" the model, such as filter function; detector geometry (and_-‘
fluctuations in their response),. colllmatlon efficiency, recon- -

struction algorithms, etc., ete. Thus, it is imperative to esti-
" mate the model with actual data, and use methods of statisti-

cal inference to assess both its coefficients [i.e., the exponents S

of Eq. (1)] and its functional form
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- Dr. G. Cohen and are essentially the same that he used in his
study.! The only exceptions are that the EMI Mark I wasnot

~with Cohen’s paper, I shall briefly describe what these data -

-under a variety of operational modes: the EMI CT 1005 -

. _General Electric 8800 (GE88). The scanning parameters'

“time, mA, and peak and summation dose. However, since

- collinear with- the type of scanner; see discussion below):

. here. Threshold perceptibility, i.e., the diameter of the pat-
-actual value used. Table II shows an example of the set of

_TABLE I 'escription of data set.

- * Observations belonging to contrast sector 1 were omitted.

Most exlstmg works: have bypassed thls crltlcal stage
Some, like White ef al.'? have ac_knowledgedly l_gnored the
model altogether, while others have taken it for granted.
Southon,’ for example, calculated “figures of merit” for each
scanner (and mode of operation) simply by plugging in the
model the observed values of the variables, thus assuming
the problem away. Cohen' did attempt to estimate it (at least -
partially), but there are problems regarding the adequacy of
his statlstlcal procedures.

HI. STATISTICAL ESTIMATION
A. The data set . _
As said above, the data used here were furnished to me by

included here {its data were unavailable)and, whereas in Ref.
1 only 2 scans for the GE7800 were considered, I used here - -
also the data on the GE7800 from Ref. 2, comprising six -
additional scans. Although I assume otherwise familiarity

consist of (see Table 1). Six different scanners were studied,

(hereafter EMI), the Pfizer 200FS (Pfizer), the AS&E sta- "
tionary detector system (AS&E), the Searle Photrax 4000 :
(Searle),. the ‘General -Electric CT/T 7300 (GE’IS), and the -

common to all scanners include kVp, slice thickness, scan

each séa_nner was operated only under one particular kVp
and slice thickness, these variables could not be included in. -
the statistical analysm (because they are therefore perfectly

Scan time and mA jointly determine dose, ‘and hence only ‘
the latter has tobe conmdered Thus, for estimation purposes -
the only pertment scannmg parameter is dose. Since the two
available measures of dose—peak and summation—ren- :
dered the same results in the regression analysis, only peak
dose will be used throughout. As to the performance varia-
bles, each scan comprised six contrast “sectors”, and Cohen .
calculated both nominal and two actual measuresof contrast
for each sector; the average of the three is the value used

tern of holes just visualized, was assesséd by three different-
observers in each of these sectors, their average being the

observatlons generated by each scan.

Number: . Number of = Dose range = Mean dose
Scanner of scans - - observations . (rads)" {rads)
AS&E. . - .9 54 2.85-12.2 6.6
EMI 2 12 39 39
GET800. - 10 60. . 042-645 . 216 -
LGESSO0 - 8 .48 0.42-6.45 2.25
Pfizer 4 20 2248 35
" Searle o1 7 108 1-76. 433

' Total st 302 042-122 39




. '=.45_‘a. o

TABLE II. Example of observatlons fmm one: scan (Scanner Pﬁzer—dose . ‘

‘Manuel Tr’hjtéﬁb_erg‘:-Mu|t|va'z_late"regreseibﬁ anhlrsiis in coh'trast#ct_etail stt.a.es‘ df"'éT- i{caﬁ'rier's e

48rads) .
S Perceptihility
Sector - Contrast (%} . (mmy}
1 015 . 11.20
2 053 o 8.67
3 0.83 : © 407
4 1.23 2.48
5 2.22 ; 177
6

304 147

B. Specifying the model

Hereafter the following notatlon will be used
D: dose (in rads); 4 = log, D,
C: contrast (in %); ¢ = log, 'C, -

R: threshold perceptibility (in mm)- r= loge R,
F: scanner-specific constant.{or “scanner eﬁ'ects”),

f —log, F,.

- Equation (1)can be rewntten now in a form sultable for_~
-estimation; , :
r=fi—pid— Bzc+6, . o (2

where €is an error or disturbance térm (more onit later), and ‘
.+.6, By, and B, are'the parameters to be estimated.. .
1/ 3 and .

S fi=1,.
~ To reeall the underlymg theory predlcts /31
B, =2/3.
‘As already ment1oned in'the feW instances that an actual
estimation was attempted (as in Ref: 1), separate bivariate

There are two-major problems with such a procedure ﬁrst
the f;’s cannot be estlrnated oonsmtently in such a way, and

indeed they were not. Second, the ruleis that all explanatory- N
variables have to be included in the regression; leaving out .
. any variable will bias the coefficients of the included varia- .-
. bles, provided that the ““left-out” and the included variables

are statistically correlated. (“bias” means that the obtained
coefficients will be systematically lower, or higher, than the
true coeﬂ‘iaents) In the present case, leavmg out dose, for

example, will certainly be a source of bias, because different . -

dose ranges were used for different scanners, i.e., the left-out

dose variable is indeed correlated with the scanner-spec1ﬁc

constants. .
Now to the choice of the dependent, or “left hand” vari-

. abIe whereas in a mathematical equation it doesn’t make
- anydifference which variablesare placed in the right- or left-

hand sideof it (i.e.,» = f(x) and x = f ~( ) are exactly equi-

. valent, provided only that the inverse is-well defined), that is .

not the case in the statistical specification of an equation. The

key to the problem lies in the nature of the error term ¢
(which existenice provides the rationale for the statistical esti- ~
- mation in the first place). In order to obtain consistent and.

. unbiased-estimates, € has to fulfill several condr_tlons, one of

the most important being that it has to'be uncorrelated with -
- the explanatory variables: Therefore, the choice of left- and - -

right-hand variables has to be such that this condition is

ensured. In the present case the choice is stralghtforward €
is the result of both the mtrmsm randomness of the systems g

' -Medieaz Physics, Vol. 11, No. 4, JullAug1_9_'34 -

as: reﬂected n the reoelved images, and of ; pure errors of ':
~measurement”, i.e., of random factors. affecting the assess-
" ment of perceptibility by the different observers. Hence, it is’

clearly a component of perceptibility, but there is no reason

to suspect that it will be correlated with dose, contrast or -
scanner type, which are the predetermined variables.' The

correct specification is thus as in Eq. (2), i.e., the one having
perceptibility as the dependent variable. Cohen,’ among oth-

ers, took contrast to be the dependent variable instead, and it -
can be easily proven that that results in an underestimate of

the coefficient of perceptibility, and hence in an overestimate

of its inverse, the coefficient of contrast m an equatlon 11ke.

Eq. (2).

c Estimating the "scanner effects” ( f).

Equation (2) assumes that, although the structural rela-
tionship between 7, d, and ¢ is the same for all scanners, they

may différ from one another by a proportmnahty factor em- - .
bodied in the f;’s. In order to actually estimate them, one, has .

to define “dummy variables” for the different scanners, and - -
.include them in the equatlon A dummy variable assigns a- -
.- value of 1 to.the observanons that correspond to what the .-

. variableis supposed to account for (in this case; belonging to. - .
S a speclﬁc seanner), and zero to the others. When the equa: " |
“tion includes an' mtercept and there are n scaniers, only
- n—'1 dummies are to be used, the nth being already ac- |
ccounted for by the intercept. For convenience, the durrkﬁy_

. variables’ will be denoted by the:shorthand names of the. .

scanners, and the mtercept will stand for Pﬁzer The equa- R
- .tion now becomes :
. regressions were used.instead of a single multivariate one.

r=f+a; ASKE + o, EMI + @, GET8 4 as Searle

4 agGESS—Fid~fyche, (3
- and_ the.“seanner_ eﬂ'ects obtamasfollows : o

) PﬁZCI' .fl’ ‘ A
AS&E: f, =/ 4+ a,,
EML  fi=fi+a, -

- Searle: fi=/f-+a
GES8: fo=f, +ae

P. Functlonal form
As suggested above, itis 1mp1aus1ble that the linear model

(in the logs} actually holds- -over a wide range of values of the ' -
independent variables, because of the existence of absolute.
bounds both on percept1b!11ty and on contrast. Moreover .
~ evenin between these bounds the behavror ofa CT system is -
not uniform. For example, a d1st1nct10n is often made - .
between the “MTF dominated” (i.e., “high-contrast). and the -

“noise dominated” (i.e., low-contrast) regions, the systems

bemg assumed to be more responsive to'contrast, and per- .
haps also to dose variations in the latter than in the former™
_(Cohen and DiBianca? cons1der alsoan mtermedlate “transis
tion region™). Although correct in themselves, these distinc-

tions carry two undesirable features: They are arbitrary in

setting the exact limits of each region, and they imply a™ -
sharply discontinuous or ’ “jumpy” behayior, which is highly Lo
-unlikely. These considerations suggest that the proper speci= .
- fication of the model requires a double asymptot1ca1 concave .
functlon, that will hold throughout the entlre range of the N

458 ::'

' GE78: j;r-.j_} ey




TABLE I1. Example of observations from one- scan. (Scanner Pﬁzer—dose

4. 8 rads).
k Perc‘eptibﬂity
Sector Contrast (%) (mm)
1 0.25 : 11.20
2 0.53 o 8.67

3 0.83 : 4.07
4 1.23 2.48
5 2.22 : 1.77
6 3.04 1.47

B. Specifying the model

Hereafter the following notation will be used:

D: dose (in rads); d = log, D,

C:contrast (in %); c = log, C, -

R: threshold perceptibility (in mm); » = loge ,
F: scanner-specific constant.(or “scanner eﬁ‘ects”)
.f' = Ioge i ) !

Equation (1) can be rewritten now-in a form su1tab1e for -

estlmatlon

r=f—Bid— Bzc+6, o _ 2
where € is an error or disturbance term (moreon it later), and -

fii=1,..,6, B, and 3, are the parameters to be estimated. -
To recall the underlymg theory predlcts /31 1/3 and .
B,=2/3."

As already mentioned, in the few instances that an actual
estimation was attempted (as in Ref. 1), separate bivariate
regressions were used instead of a single multivariate one.
There are two major problems with such a procedure: first,

the f;’s cannot be estimated consistently in such a way, and .

indeed they were not. Second, the rule is that al/ explanatory
variables have to be included in the regression; leaving out
any variable will bias the coefficients of the included varia-
“bles, provided that the “left-out” and the included variables

are statistically correlated (“bias” means that the obtained .

coefficients will be systematically lower, or higher, than the
true coefficients). In the present case, leaving out dose, for
example, will certainly be a source of bias, because different
dose ranges were used for different scanners, i.e., the left-out
dose variable is indeed correlated with the scanner-specrﬁc
constants.

Now to the choice of the dependent, or ,"‘left-hand”, vari-
able: whereas in a mathematical equation’ it doesn’t make
any difference which variables are placed in the right- or left-
hand side of it (i.e., y = f(x) and x = f ~( y) are exactly equi-

. valent, provided only that the inverse is well defined), that is
not the case in the statistical specification of an equation. The
key to the problem lies in the nature of the error term €
(which existence provides the rationale for the statistical esti-

mation in the first place). In order to obtain consistent and.

.. unbiased estimates, € has to fulfill several COHdlthIlS, one of
-the most imiportant being that it has to be uncorrelated with

the explanatory variables: Therefore, the choice of left- and ‘

right-hand variables has to-be such that this condition is
ensured. In the present case the choice is stralghtforward €

is the result of both the intrinsic randomness of the systems
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as reflected in the received i images, and of pure “errors of
measurement”, i.e., of random factors affecting the assess-
" ment of perceptibility by the different observers. Hence, it is
clearly a component of perceptibility, but there is no reason
to suspect that it will be correlated with dose, contrast or
scanner type, which are the predetermined variables. The _
correct specification is thus as in Eq. (2), i.e., the one having
perceptibility as the dependent variable. Cohen,' among oth-
ers, took contrast to be the dependent variable instead, and it
can be easily proven that that results in an underestimate of
the coefficient of perceptibility, and hence in an overestimate
of its inverse, the coefficient of contrast 1n an equation hke

Eq. (2). a

C. Estimatirig the “scanner effects” ()

Equation (2) assumes that, although the structural rela-
tionship between 7, d, and ¢ is the same for-all scanners, they
may differ from one another by a proportionality factor em-
bodied in the £;’s. In order to actually estimate them, one has
to define “dummy variables™ for the dlﬁ'erent scanners, and
include them in the equation. A dummy variable assigns a

_ value of 1 to the observations that correspond to what the. .~

variable is supposed to account for (in this case, belonging to

' a'specific scanner), and zero to the others. When the equa-

tlon includes an intercept and there are n scanners, only
n —'1 dummies are to be used, the nth being already ac-
.counted for by the intercept. For convenience, the dummy
variables will be denoted by the shorthand names of the
scanners, and the intercept will stand for Pfizer. The equa-
'tion now becomes / :

r= fl +a; AS&E +a, EMI + a, GE78 + as Searle L
, +a6GE88 =pd—=PBc+e s (3) -
and the “scanner effects” obtain as follows: o ‘

GET8: f,=f, +a,

- Pfizer: f,, :
AS&E: f,=f +a,, Searle: fs=f, +as,
EMI: f;, =f‘1 + a3, Lt

GES8: fo=/, +as

D. Functional form

- -Assuggested above, it is implausible that the linear model
(in the logs) actually holds over a wide range of values of the
independent variables, because of the existence of absolute
bounds both on perceptibility and on contrast. Moreover,
even in between these bounds the behavior of a CT . system is
not uniform. For example, a distinction is often made
between the “MTF dominated” (i.e., high-contrast) and the
“noise dominated”. (i.e., low-contrast) regions, the systems
being assumed to be more responsive to contrast, and per- .
haps also to dose variations in the latter than in the former

* (Cohen and DiBianca? consider also an intermediate “transi- '~
tion region™). Although correct in themselves, these distinc-

tions carry two undesirable features: They are arbztrary in
setting the exact limits of each region, and they imply a
sharply discontinuous or “jumpy”” behavior, which i is highly -

unlikely. These considerations suggest that the proper speci- i

« fication'of the model requiresa double asymptotical, concave B
function, that will hold throughout the entire range of the -




459 L _Manuel Trajtenberg: Multivariate regressiop analysis in contraét-d_etail studies of CT scanners

variables. A ‘plausible candidate dispIaying the required
properties will be

r=7 +7d— d)+7’z/(c—6)+€,
(for c>¢ and d<d), ' (4)

where ¢; represents “floor noise” of system i, d the effective
upper dose limit {in the sense that beyond it changes in dose
will not affect perceptlbrhty) and7, the approximate limiting
resolution of the system,® i.e., as c— oo and d—d, r—7;.

However, estimating a function like Eq. (4) poses serious
problems. It has to be done with nonlinear methods, which
are obviously more complex and expensive and, more impor-
tant, it requires data covering a wide range of values, includ-
ing observations at the neighborhood of the asymptotes.
Such data are not yet available, and hence a less demanding
specification has to be sought. Two possibilities are at hand:
a piecewise linear form, and adding a quadratic term for ¢ in
Eq. (2).

The piecewise function is a formahzatlon of the above-
mentioned distinction betwen contrast regions. Following
Cohen," the low-contrast region is taken to be that for which
C<1% (i.e., ¢<0), hence including contrast sectors 1-4 (see
Table II), whereas the transition region includes contrast

- sectors 5 and 6. In order to allow for different contrast coeffi-
cients for each region within a single regression, an interac-

tion variable has to be created, as follows: défine a dummy
variable p so that p = 1 for observations belonging to sectors
5-6, and p = 0 otherwise; the interaction variable is then
K = p-c, and the equation to be estimated becomes

6 ‘ ’ < .
‘r=f1+Za,‘Si—ﬁld—ﬁgc,+ﬁ3K+e, o (5)
i=2 -

where S; is the scanner ;. The slope for the low-contrast re-
gion is then — 5, and that for the transition region ( —
+ ;). Note that this procedure is very different from Co-
hen’s. He simply deleted the observations of the transition

region, thus losing valuable information and rendering aless -

efficient estimation.
The second option consists of addmg the quadratrc term

c*

6 .
r=fi+ Y a8, —Bd—-PBic+Bic’+e (6)
i=2 :

In order to compare this with alternative formulations, it is
convenient to make use of the concept of the elasticity 1, of
a variable y with respect to x, measunng the percentage
change in y resulting from a one percentage change inx, and
defined as

_Jdy x_dlogy ’ o
= (7)
ax y 3 logx
It follows that in Eq. (5) the coefficient B represents the
.elasticity of perceptibility with respect to dose, and 8 ; and
(85 — Bs) the contrast elasticities in the low-contrast and
transition regions, respectively. In Eq. (6), though, the con-
trast elasticity is not a constant but a function of ¢,

—rc =B% —2Bjc. SRECRE )
The two alternatives are compared diagramatically in Fig. 1.
Note that the coefficient 87 in the quadratic model is the

i
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 gions. Thus,
_namely, it represents the average response of the systems over’

=N

Al
)
23
'— N T
(B5-8,) :
t
1 .
) Hw_ '
. 8y 283c
§
low contrast 0 transition [
region region

FiG. 1. Contrast elasticities in the piece-wise linear and in the quadratic
models (hypothetical example).

elasticity at C = 1% (c = 0), the contrast value that lies in
between the geometric and the arithmetic means of the actu-

, al range of contrasts studied (0.8 and 1.2, respectively), sét-

ting the limit between the low-contrast and transition re-
% hasin this case a very helpful interpretation,

the studied interval. .
Although the quadratic speciﬁcation is conceptually su-
perior to the piecewise linear in that it avoids the arbitrari-

" ness of the limits between regions and the discontinuous re- .

sponse, it makes little-difference in the present case which
one is actually used in estimating the model. The reason is .
that the available range of contrast is too narrow (to recall,

'0.17%<C<3%) to allow for ‘the fine distinction between a

concave and a piecewise linear function. Both make equally
good local approximations, and will fit the data just as well.
This underlines the fact that, at this stage (i.e., after having
arrived at the correct specification), the real constraint is the
availability of data. In order to be more precise, and be able
to obtain a full characterization of performance, one would
need data covering the behav1or of the systems over their
entire range.

IV. EMPIRICAL RESULTS

_ Ipresent first the estimated regressions, and then analyze

 separately the results for contrast, dose, and scanner effects.
"Both *“pooled” (or “common”) and individual (or scanner-

specific) regressions were estimated, the former comprising
all the data, and the latter estimating a different regression .
for each scanner. As expected, the coefficients obtained in

the quadratic and in the linear models are very much alike
{for convenience, the piecewise linear-model will be called
hereafter just linear). Thus, and in view of the conceptual
advantages of the quadratic, only its results will be used in
the discussion of the dose coefficient and scanner effects. All

coefficients except for one (to be noted below)-were found to

be statistically significant at the 0.99 level, and therefore

‘there was no need to report ¢ ratios. The pooled regressions -
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_TaBLE HI. Individual regressions—quadratic model.

TABLE IV. Individual regressions—linear model,

Coeflicients of Coefficients of
Scanner Constant d c c? R? " Scatmer Constant d c I. R?

. 1. Pfizer - 1.510 —0.219 -0913 0185 £.961 1. Plizer - 1.489 —0.219 _ 1.107 0416 0.970
2. AS&E 1.315 — 0.2 -—0.687 0.292 0.966 ) 2. AS&E 1.224 - —0207 — 1120 0.828% 0.970
3. EMI . 1.140 ° . a —0.589 0.359 0.976 3. EMI L1197 “an —0.920 " 0.721 0.925
4. GE78 1.221 —0191 —0673 0.194 . 0951 4. GE78 1.137 —0.190 —0.997 0617 . 0.955
5. Searle 1.125 —0132 —0600 0.152 -0.968. " 5, Searle 1.056 — 0132 —0.873 0.511 0970

—0226 —0.805 0.186 - 0.985 —0.223 0.980

6. GE33 1142

6. GE88 1104 — 1061 " 0.487

*Could not be estimated because only one dose was used..

are shown below, and the individual régressions in Tables IT1
and IV. The pooled regression-quadratic model is '
7= 1.418 — 0.054*AS&E — 0.17SEMI — 0.18GE78
- 0.26Searle — 0.268GESS — 01764 o
— 0.676c + 0.16¢2,
AR signiﬁcant at the 0.8 level only),
Pooled regression, linear model: S
7 =1.365 — 0.081AS&E — 0.194EMI — 0,199GE78
— 0.2748earle — 0.281GESS — 0.177d '
—0.949¢ + 0.517K, R = 0.95, (10)
'A. Contrast elasticities .
As éhown in Table V, the contrast elasticity varies sub-
stantially along the range of contrast studied, thus support-

. ing the presumption of concavity: it goes, in the pooled
regression, from 0.3 at the highest contrast value {C=3%), .

- to 1.2 at the lowest (C = 0.2%), averaging 0.43 over the tran-
sition region and 0.95 over the noise région. But the most
‘important finding is the following: C

The contrast coefficient of 2/3 predicted in the theoretical -

model holds exactly at a 1% contrast, and can be inter-
preted to represent the average response of a CT system
within a low to medium contrast range. : :
This aspect of the theory is thus confirmed in a restricted

" sense. However, givén that the function is nonlinear, one
should warn against using the value of 2/3 to characterize

TABLE V., Contrast elasticities.

R2=095. . 9

~ B.The dose coefficient

the behavior of CT systems outside the range considered
There. Moreover, this result refers to the average response of
the six scanners: if interested in a particular scanner and /or a
particular subset of the range, the exact value should be cal-
culated using the pertinent coéﬂicien_ts.as detailed in Table
Another finding of interest is that the behavior of the dif-

- ferent scanners is much more uniform in the noise region
. thanin the transition region (as measured by the SD/mean of

the coefficients). That is, ali systems improve their percepti-

bility to a similar extent when i_ricreasing*con\trast at low--

contrast levels, but some, like the EMI 1005 and the AS&E
almost exhaust their capabilities when going up to 2%-3%

- contrast, whereas the others still have margins for. further
_improvements (these being higher for Pfizer and GE88 than

for Searle and GE78).

\

Table ITI shows that, putting Searie aéide for the rﬁbmént,
the dose coefficients ‘of the four scanners are very similar,

 averaging 0.209 (with a SD/mean value of only 0.08), This

result differs sharply from the value of 1/3 predicted by the
theoretical model, and may have far-reaching implications.
for the actual dosage used in CT. It means that substantial -
variations in dose have little effect on image quality (e.g.,
doubling dose improves spatial resolution by only 20%) and
hence for many applications the dose delivered could be re-
duced significantly without imparing much the information

content of the received images. To put it differently, in order

Linear model Quadratic model .
“11.oise’." region ©  “tramsition” region Average . Average Extreme values
02%5C<1% 1% <CE3% C~1% C=1% . C=02%. C=3%
Pooled - ' 0.95 043 069 0676 . L19 0.32
Phizer 2 L1 069 0.99 091 - R 1 B 0.50
GEgg Lo 0.57 - 082" T 0.80 . 140 S039
AS&E : : 112 . T 029 071 0.69 "~ 163 005 -
GE78 . _ .00~ . 038 0.69 067 129 - 024 .
Searle - o 0.87 0.36 0.62 0,60 1.09 C027
. EMI . 092 . 020 . 0.56. 0.59 175 R
$D/mean®” : 0.10 ' 044 018 017 T 016 0.58{0.8)°

* A measyre of the variability of results across scanners: the s'téndard deviation over the mean of the coeflicients of the six sciuiners. ) T
°The strong concavity of the EMF regression results, in fact, in a negative value here, which is meanirigless; thus; for all practical purposes it.should be

considered to be zero. -

 “Itis 0.58 for the 5 soanners excluding EMI, and 0.8 if EMI i included and its value taken to be zero,
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to optimize in*the use of CT, it is of primé¢ importance to

~ know the exact magnitudes of the trade-offs built in the sys-

‘tems. A dose coefficient of 1/5 means that for any optimiz-
ation setting, the solution (i.e., the optimal dose} will be only
60% of that that would result if a coefficient of 1/3 was
‘assumed instead. Haaga et al.'® arrived at a similar qualita-
tive conclusion and moreover, the same quantitative result
can be obtained using the data presented in Table 1 of their
‘article; regressing their noise measure [RMSD} on dose (in
mAs) gives

1ogRMSD) — 2.82 — 0.305d, A=088. . (1 3

_ In order to compare this result with the above, the dose
- coefficient has to be multiplied by 2/3 (i.e., the average coef-

ficient, of contrast, or noise, predicted by the theoretical
model and confirmed, with the said caveats, by my findings)

rendering a value of 0.203. This almost exact 1dent1ty of re-
“sults is particularly significant, given- that they used a very
_different research design; and gathered the data from a scan-
~ ner not studied here (the Ohio Nuclear 2010). - v
* " Now to Searle: the substantlally lower dose coeﬂiclent ob-

“tained for it suggested two- hypotheses, namely, that the dose -

" response is related to the fact that the system was operated :
. with three drﬂ'erent sampling ‘rates (yielding 360, 540, and

1080 ““views” per scan), and/or thiat the perceptlblhty—dose )

- relationship is not linear but concave. Both were confirmed,
. - butthesecond is more revealing. If running different regres-
-sions for each sampling rate; one obtams a dose coefficient of

. for 1.080 views. Thus, lower samplmg rates reduce indeed

'1cant1y less than the benchmark of 0.20. As to concavity, a
regression of Searle’s data including a quadratlc term for
. dose rendered the following results:

r=1.19 — 0.6c +0.15¢" —031d+008d2"_" 7_
R?=097. L 1)

The coefficient of 2 bemg s1gmﬁcant at the 0.996 level,

“hence strongly supporting the hypothesis. Applying the for-

. mula in Eq. (7} to calculate the dose elasttcztzes at different

- dose levels {those actually used with Searle’s) glves
Dose: = 1 19 . 38 76
Elasticity: —0.31 —021° —01 .. ~0
(0.132 being the average over the range), and it coincides

‘be explained is therefore not Searle’s low coefficient in itself,

-the GE7800 shows sngns of concavnty, but to a lesser extent]

'C Indlces of performance |

‘Before turning to the estimates of the, f s, 1t is 1mportant to -
understand their precise meaning and establish how these. o
may legitimately-bé used. If it were the case that the same".

.Bl’ BZ: ', 62" ‘

equation held for all scanners, i.e., that ,B,,

-~
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0.1 for scans of 360 and 540 views, and a coefficient of .16 ... _ _ .
the-dose response of the system, and the 0.132 coefficient- - (b} R - _ 4
represents not a uniform behavior-but only the resulting ’ BN N

average. However, the highest coefficient (0.16} is still signif- -
2 g ( )i g if " same equation holds for'the two systems bemg oompared (a] In K C spaee .

¥ (assummg d o), (b) in'r,dspace:.

. tion of indices of image quality. This is shown in Flgs 2(a)
. and 2(b), representing typical “slices” of the three-dimen-
sional function relating r to c and d. Clearly, the pooled and
. the individual regressions will produce in this case the same

_ Thus, the dose response deelines'rapidiy as dose increases

. with the benchinark only at around 2 rad. What remains to~ .
. in the individual regressions will not coincide with those of

. but the reasons for its sharp drop (of the other scanners, only - * the pooled regression and moreover, they willno longer have ..

r

Fi1G. 2. Dlagrammatlcal representatxon of “ﬁgures of merlt” Case 1 The .-

and B, = B, forall i =1,2, ..., 6, then the f;’s would indeed
be a well-defined summary parameter of theimage quahty of -
each system.” In other words, if we take & particular scan-
ner, say f;, to be the baseline, the differences @, =(f; = f3}
would be the appropriate figures to be used in the construc- -

estimates of the’s. , _
‘However, if some of the coeflicients differ. among scanners .

(that is, if the dlfferences are statistically’ 51gn1ﬁcant asthese

turned out to be in the present case),® then the f’s estimated ‘

the above, stralghtforward meaning. Figures 3(a) and.3(b). .-
typify: this- case: a, measures the: vertical distance between

. the curves for systems 1 and 2; only at the points where the
* independent: variables equal zero. However, these pointsare . -

as good as any others and, given that the difference between -
the systems varies w1de1y over the range, the a’s so.mea-
sured cannot be taken as 1nd1cat1ve of the “overall” a.dvan—

tage of one scanner upon the other ' ' g :




e em ==

(CI) : c

-'.(5)-- a=0. R _: g

" Fic. 3. Dlagrammatlcal representatton of “ﬁgures of ment” Case 2: Each :

: system renders a dtﬂ'erent equation. [a) In 7, ¢ space; (b) inr d space

Ideally, what is needed to overcome this comparability

o problem is a valuation function ¥ = V{r, ¢, d), relating the
performance dimensions to diagnostic usefulness. In princi-
" ple, this function could be derived from systematic clinical

studies in the line of Robbins er al.** Although it is hard to

imagine that a precise correspondence between, say, low-
and high-contrast resolution and diagnostic vahie ‘would
- ever be established, it is reasonable to expect that some quali-

tative notions regardlng these correspondences will be devel-

oped. The role of such a function would be to assign weights
to every point {or region) over the range, thus enabling the
‘construction of a summary index of performance consisting

of the weighted average of the distances between the curves,
Lacking as of now a better alternative, it is reasonable to-

. assume a uniform-V function, i.e., one that assigns equal
welghts to all points over the range. ‘

- This is, of course, only a tentative assumpt1on (and so will
be the derived results) to be modified if and when pertirient

" evidence suggesting a different specification. becomes avall- :

able. But it has two distinctive advantages Fu'st it serves as.

. a convenient reference point; in the sense that it is easy to-
. assess how the indices would ‘change as a result of changlng -

the weighting scheme in a particular direction. Second, and

" ‘more unportant the scanner SpCClﬁC constants correspond- :
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Wifn ® % = o oa -

.

FiG. 4.. The eﬂ'ect of “pooling” in. regression analysis. The broken lines
represent the mdmduai regressions: y =f; + 5,x,i=1,2. The sohd lines

N correspond to the pooled regressron ye=f24 ﬁ”

“ing to that assumpt1on (1 &, those represennng the average- R
 differences between scanners) are in fact those obtained from .~
the pooled regression {w1th some caveats), and are therefore .. .
- readily available. This can be easily demonstrated as follows:
 the average “height” of a function is. by definition the mean
 value of its dependent variable J; given that the constant

term f'in a regression is calculated simply as f=y — X, the
fitted. curve must g0 through the point ( 7; X). Thus, al! that is- -

needed. is to calculate the distance between the curves of . -
‘different scanners at the point of the mean values of theinde- -
. pendent variables. But that i is precrsely ‘what the dlfferenoe S
* between the constants iri the pooled: regression do, as can be’ /
_-seen in Fig. 4: the effect of pooling is toimpose the same slope -

coefficierit 8 ° on both scanners, thus rotating the individual
curves by.( 8; — £°at X. The constant terms-of the pooled
regressmn are therefore

FI=5—B°E=f+4, &4=(8-B% (13
and the “advantage” of system 2 over system 1 is -
&Q=F—f0=F~F. | e
Applymg Eq (13)to the present case (d and ¢ represent mean -
) values)
f? z-f;'_-_ (Bu —ﬁ?la— (ﬁza ﬁ € ‘l‘ (BS: 32)62

{13
whlch is mtultlvely appealing: the hlgher the. dose response
ofa systen, and the lower its contrast elasticity. (all measured
at their respective averages), the smaller f° will be and hence . -
the better the system is. -~ - b

A crucial assurnptmn in the above argument is that: all -
scanners have the same mean values of the independent var-
iables. Otherwise, the £;’s will capture also differences in

‘these values, and ‘therefore the a,’s will be measurmg not = -

only relative performance; but differences in the ranges stud-

ied as well. The range of contrast is quite uniform across - - =
scanners: itaverages 1.2% with a SD/mean of only 0:.12,but - -
~the dose range varies w1dely (see Table I) In order to achreve T




" TABLE VL Indices of performance.

M e 6. @ 5)

Scanner a; A F;- q; P
1. Pizer . 0 1.390 4.015 1 1
2. AS&E —{.055 1.336 3.804 - 0.94 0.76
- 3. EMI —0.175 1.215 - 3370 © 0384 {0.42)*
. 4. GET8 —Q.181 1.209 3.350 0.83 0.40
5. Searle —0.260 1.130 3.096 0.77 . 027
—0.281 1.109 3.031 - 0.75 .0.25

6. GE88

aThese figures were calculated assuming a dose coefficient of 1/3; but, to
recall, no such coefficient could be estimated for EMI for lack of data and
the one for Searle was foand to be 0.132. ‘ :

a reasonable degree of uniformity without losing too much

information, those scans taken with very low and very high _ o
* ner, and did so by substituting the observed values for the . .~

doses were excluded: one from AS&E taken with D =12.2,
- and three from each of the GE scanners, taken with D < L.
The common range is now 1<DP<7.6, with a mean value of
3.9 rad and SD/mean = 0.2. The resulting regression is - - .

r=139 — 0.055AS&E — 0.17SEMI — 0.181GE78 .

— 0.26Searle — 0.281GES8 — 0.16d — 0.66¢ + 0.16¢%,

R>=0952. e

Note that the slope coefficients are almost identical to

. those in Eq. (9), the regression including the whole data set,
which is important so as to make the results here consistent
with those in previous sections. The scanner-specific con-

stants are also very similar although not identical to the ones -

in Eq. (9), butin view of the fact that slight variations in them

do make a difference for purposes of comparing perfor-

- mance, Eq. (16) should indeed be used rather than Eqg. (9).

- The results are presented in Table VI: the F; ’s correspond to

-what is known as “figures of merit”, and are calculated sim-

~ plyasF = exp( /7). The question now is how to construct on

* the basis of the F,’s an index of imaging performance, i.e., a

unit-free parameter that will enable to compare easily among

scanners. An obvious candidate will be (taking again Pfizer
to serve as the baseline) ' :

_F_emlfita)
Fy . expl f7)

= —expla). (1)
Thé interpretation of g; is straightforvﬁtard. On average,

the perceptibility of scanner i is (g; X 100)% that of Pfizer, )
i.e., scanner i is [{1 —g,}X 100]% better than Pfizer in terms

of perceptibility. Column 4 in Table VI shows the values of g
for each scanner, which appear to cluster in three groups:
Pfizer and AS&E, EMI and GE78, and Searle and GES88.

. Thereé is a 13%. difference between the second and the first

groups, and a 7% between the third and the second, whereas
_ the differences within each group are very small, and only.
marginally significant from a statistical viewpoint. -

An index of performance is obviously not unique, butde-

pends upon the choice of the variable with respect to which

the scanners are being compared: ¢, does it in terms of per--
ceptibility, but it could be done in terms of contrast or doseas- 5
well. The latter is of particular interest, and the question o
which the appropriate index should respond is, how much-
dose does sc_aﬁher i require; relative to the base, in order-to - -
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_achieve a certain perceptibilify and given a certain contrast? -
" that has to be done is to raise the F,’s to the power of the

" As shown in Table VI, column 5, the differences between

. problem there is less apparent because he caleulates the .

“mance has been devoted to the collection of data on various -

has been the purpose here to show that the statistical meth-

. the practical jmportance of this claim, and so do the estimat- _
 ed indices. of image quality, especially when compared to - -
. previous measures.- o : '

- ward here (i.¢., the use of multivariate regression ‘analysis),’

- mensions, and/or attémpts to_perform inter or intrasystems

This is equivalent to making D the left-hand variable in Eq.
(1), and remembering that the dose coefficient for four scan-
ners (i.e., éxcept for EMI and Searle) was found to be 0.2, all

inverse of that coefficient, i.e., to the 5th power. The new
index, ¢, to be called dose efficiency, would then be g; = q.

scanners are obviously magnified when these refer to dose

requirements. Whereas, say, the GE88 produces images

with 259 better perceptibility, on the average, than Pfizer’s,

it requires 75% less dose to attain the same image quality.
It is important to note and stress the differences between

these indices and measures of performance proposed else-
“wherein the literature. As statéd above, Southon® calculated

“figures of meri » F for each mode of operation of each scan-

corresponding variables in a model such as Eq. (1), taken as

given. I have already pointed out that such procedureis @ .-
priori incorrect fi.¢., the F;’s have to be estimated along with. B
the other parameters in the context of a complete meodel, not © -
_ calculated by substitution) and my results indicate that, in
fact, Eq. {1) is not the correct model. Moreover;. Southon’s "

findings themselves show: that his procedure is unwarranted.

The F,’s are supposed to be by definition a constant for each '
" scanner, but-these were found in Ref. 9 to vary widely with

mode of ‘operation for a given system (in some cases by as s
much as a factor of 8, i.¢., many times more than what could

be accounted for by the mere statistical fluctuation of the -

data). This just indicates that the F’s are picking up the.
effect of variables that were not included in the model (i-e., -
“left-out” variables) and that vary for éachscanner (e.g., kKVp

in the EMI5005), in addition to the effect of using the wrong -

coefficients for the included variables (e.g., 0.5 instead of 0:3

for dose). IR S o
Cohen’s measure of a perceptibility-dose-factor (PDF)in

Ref. 2 can be criticized along similar lines, although the -

PDFs for only one mode of operation for each scanner.

V. CONCLUDING REMARKS _ L
The bulk of the efforts in previous stidies of CT perfor-

variables of interest and related problems of measurement. It -
ods of analyzing such data, in the context of a methodologi-

cally consistent framework, _mattér as much. The finding
regarding the magnitude of the dose coefficient underlines

Although the study has been confined to a contrast-detail . . -

analysis of CT scanners, 1 insist that the approach put for-’

should be applied to any quantitative study of imaging per- -
formance {of any modality) that involves more than two di-

comparisons. . -
. Finally, it is worth noting that the analysis here can help




.

. clarify the controversy genefated by an editorial in the
- American Journal of Roentgenology by Hasegawa et al."* [see.

the ensuing correspondence in Am. J. Roentgenol. 135, 1310
(1980)). The main arguménts raised there, if correctly inter-
preted, refer in fact to the fallacies that may result from esti-
mating partial models {e.g., “leaving-out” dose, or kvpifit
were the case that the latter influences the measure of con-
trast). This paper hopefully demonstrates that the ¢onclu-
sion in Ref. 15 regarding the inadequacy of “contrast-detail”

~studies in general is totally unwarranted, and stems from the

same sort of methodological confusion.
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-* These methods are widely in use in other disciﬁlinés, prlmanly in beha-

vioral and biological sciences, -

' Obviously, this is relevant only when one of the goals is indeed the assess- _
ment of the relative perforniance of different models of a given imaging

modality. It is not as yet clear whether such comparisons are possible and/
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or meaningful across different imaging modalities; if that proves to be
feasible {at least for some modalities and some dimensions of imaging
performance), then the statistical methods proposed here would be all the
MOTe Necessary.

- ¥ Zatz {Ref. 11), for example, claims a factor of 10 for otherwise identical

functions, but it is hard to evaluate his conclusions given the lack of de-
tailed numerical resuits or data, -

I “Approximate™ because c<100.and hence the term 7ale —&;) doesn’t
reach zero, . ‘ ' ' .

°1 shall use hereafter “image guality” to indicate only those aspects of the

- imaging performance of a $canner encompassed in the “contrast-detail”
- framework of analysis. Needless to say, other factors such as artifactual

behavior, uniformity, linearity; etc., should also be taken into account fora
more complete description of a system. -

" ©This was established by performing the “F test” for pooling, which was

clearly rejected. -
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