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Influence of CT Image Size and

Format on Accuracy of Lung

Nodule Detection1

PURPOSE: To evaluate the effect of reducing image size on observers’ ability to
detect lung nodules on computed tomographic (CT) scans.

MATERIALS AND METHODS: Stimuli were 80 single sections from 1 3 normal
chest CT studies. On half of the images, 3-5-mm-diameter nodules were superim-
posed electronically at random locations. Four observers viewed images in six for-
mats and sizes that ranged from 6 on 1 (1 33 x 1 33 mm) to 80 on 1 (40 x 40 mm).
The images were viewed at a fixed distance of 55 cm and at an unrestricted, van-
able distance.

RESULTS: With the fixed viewing distance, nodule detection decreased with smaller

image sizes. The area under the receiver operating characteristic curve (As) de-
creased from 0.857 for the 6-on-i format to O.67i for the 80-on-i format (P =

.0001). With a variable viewing distance, A� decreased from 0.884 to 0.834 across
all formats (difference not statistically significant). However, there was a significant
drop in performance with the smallest images (P < .05). Overall, A2 for the fixed and
variable viewing distances was significantly different (P < .001).

CONCLUSION: Reducing image size leads to decreased lung nodule detection on

CT scans viewed at a fixed distance; however, the observer can compensate for the
smaller image by adjusting the viewing distance.

The cost for film in a radiology department commonly ranks second in magnitude (after
personnel) and may be the third largest component of the imaging-related budget
institutionwide. Gross-sectional and digital imaging devices, coupled with multiformat

or laser image recorders, account for a large component of film use (approximately 30%

of all film in our department). The expected growth of digital imaging techniques will
continue to focus cost-reduction efforts on use of film.

One way to reduce the amount of film used is to print smaller images on each sheet of
film, thereby increasing the number of images per sheet. For intrinsically digital images,

such adaptations are technically quite feasible, and the spatial resolution of laser printers
typically exceeds the requirements for displaying even very small images (1). Some radi-

ology departments have capitalized on this idea and shifted from the more traditional
film sheet format of 12 on 1 to formats of 20 or 25 on 1. These changes have been

management decisions, generally taken with little regard for the effects on a radiologist’s

ability to make an accurate diagnosis.
We investigated the consequences of use of smaller images in detection of small lung

nodules on chest computed tomographic (CT) scans. This diagnostic task is a relevant

experimental model because the features of interest (nodules representing cancer) are
small, high-contrast features. Their detection is readily affected by changes in system
acuity (spatial resolution of imaging device and acuity of human visual system). Conse-

quently, as system acuity is reduced by rendering smaller images on the film sheet, lung

nodules vanish while larger, low-contrast lesions (like liver nodules) remain visible. We

expected a range of image sizes over which detection performance would be constant

and beyond which detection performance would deteriorate. We also addressed the re-
lated question of whether observers could overcome any such performance degradation
by varying their viewing distance or using a handheld magnifier.
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Study Design

Observers read identical sets of images
that were presented in each of six image
sizes and formats. Images were viewed
with two protocols: (a) at a fixed distance
of 55 cm and (b) at a variable distance

and with access to a x3 handheld magni-
fier. The order of the two protocols and
the image sizes was balanced so that no
bias attributable to case set order or learn-

ing was introduced (see details later in

this article). Observers’ abilities to detect
and locate lung nodules were compared

as a function of image size and viewing

protocol.

Images

The images were 80 single sections

from 13 chest CT scans of patients who

had no evidence of acute pulmonary pro-

cesses or clinical evidence of cancer. The
images were reconstructed by using a

zoom factor for each patient so that the

lungs filled the field of view (typical pixel
size, 0.6 mm; image matrix, 512 x 512).

Sections were generally chosen to span
the middle region of the chest to provide

a larger search area. The lung apices and

bases were avoided because sections

through these areas typically contain

only a small amount of lung tissue. The
patients had been scanned with a con-

tinuously rotating spiral CT scanner
(Somatom Plus; Siemens Medical Sys-

tems, Iselin, NJ). The scanning param-

eters were 24-32-second exposure, 137

kVp, 210 mA, 10-mm section thickness,
1,242 projections, 180#{176}linear interpola-

tion reconstruction algorithm, and high-

resolution kernel. No intravenously ad-
ministered contrast agent was used.

A single synthetic nodule was placed

electronically at a random location in one
lung on each image. Care was taken to
ensure that the nodule did not extend
outside the lung nor overlap a preexist-

ing normal structure, like a vessel. Test
sets were created in which each image was
presented twice, once with a nodule

present and once without a nodule (to-
tal, 160 images).

Nodule Characteristics

Addition of synthetic nodules to CT

images has been previously described (2);

the mathematical characteristics of the
nodules in our study were identical to

those in the previous study. The super-

imposed nodules were sections of spheres

that were blurred by using the three-di-

Figure 1. Examples of
simulated nodules. The

images are 128 x 128
sections of stimulus im-
ages with the nodule
centered and circled.
The display level and
window width were

chosen to enhance the

presentation. No spatial
processing was per-
formed to improve the

presentation, so the dis-
crete pixels are apparent
in these magnified im-
ages. The top left image

shows a 3.0-mm nodule;
top right, 3.5-mm nod-
ule; bottom left, 4.0-
mm nodule; and bot-
tom right, 5.0-mm nod-
ule.

mensional point-spread function of the
CT scanner as measured from the edge-
response function in the image-section

plane (3-5) and the section-thickness pro-
file (6,7). The spheres were centered in
the middle of the section. The edge-re-

sponse function was estimated at spatial

intervals of approximately 0.1 pixel (3)

under the assumption that the two-di-
mensional point-spread function is sta-

tionary and rotationally symmetric. Blur-
ring of the edge of the spherical object
was accurately predicted. In addition, we

blurred the boundary of each nodule with
a two-dimensional point-spread function

(in the section plane) to simulate a bio-

logic gradient between the nodule and

normal tissue. The chosen span of this
edge-response function was such that
nodules did not look artificial. Debrief-

ing of the radiologist-observers indicated

that the simulated nodules had the ap-
pearance of real biologic lesions.

The nodules were 3.0, 3.5, 4.0, and 5.0

mm in diameter (as measured in the pa-

tient). They had a soft-tissue attenuation

value of 40 HU. Examples of the nodules
are shown in Figure 1.

Within the image set, the number of

nodules of each size was stratified so that

there were more nodules of the two in-

termediate sizes than of the largest or

smallest size. This stratification was done

because variations in performance are
greatest in the intermediate size range. (In
pretests and the previous study [2], 3.0-

mm or smaller nodules were hard to de-

tect and 5.0-mm and larger nodules were
detected most of the time. Therefore, use

Image Sizes, Format Densities, and
Target Sizes

Image Format Target
Size (mm) Density Size (mm)*

40x40 80 0.37
54 x 54 42 0.50
65 x 65 30 0.60
80 x 80 20 0.75

lOOxlOO 12 0.94
133x133 6 1.25

*Actual size of a 3.0-mm-diameter nodule

on the film sheet.

of nodules larger than 5.0 mm or smaller

than 3.0 mm would have provided no
additional information on detection per-

formance.)

Film Recording Device and Display

Images were rendered at a center of

-300 HU and window width of 1,400 HU.
These display parameters were chosen by

means of consensus among the authors.

The images had higher centers and nar-

rower widths than are used clinically in

our department. Clinical parameters are

typically chosen to retain some image in-

formation in the mediastinum and chest

wall; in our study, those structures were

not evaluated and it was thought that a

narrower display window would be more
effective for evaluating lung parenchyma

only for nodules. The images were printed

on 14 x 17-inch (36 x 43-cm) film with a

continuous pigment transfer laser imag-

ing system (Helios; Polaroid Medical Im-



Figure 2. Examples of format densities. The extreme format densities of
(a) 6 on 1 and (c) 80 on 1 are shown with (b) the standard format density
of 12 on 1.
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aging Systems, Newton, Mass) (8). The herent base density of0.22 was used. The

optical density range of this printer is pixel pitch of the imager was 90 �.trn,

0.25-3.00. Blue-base film that has an in- which corresponds to a limiting spatial

resolution of 5.6 line pairs per millime-

ter. The clinically used look-up table was

employed to prescribe transformation be-

tween digital gray levels and optical den-
sity units on the film.

The Table shows the six image sizes

and film sheet formats and the actual size

of the smallest lung nodule (3.0-mm di-

ameter in the patient) under each condi-

tion. (In this article, we use the term for-

mat density to identify the number of
images per film sheet. Increasing format
density indicates more images per film
sheet and smaller individual images; de-

creasing format density indicates the con-

verse.) Figure 2 shows the lowest and
highest format densities used in the study

along with a conventional 12-on-i dis-

play.

To create each film transparency, im-

ages were sent to the printer as 512 x 512

x 12-bit files. The imager interpolated the

data with a cubic spline approach (9) to

the appropriate size for each presentation

format.
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Observers and Observing

Procedures

Four experienced observers (one radi-
ologist and three nonradiologists) partici-
pated in the study. They were told that
the prior probability of the presence of a
nodule was 0.5. Their task was to find the
most suspicious nodule on each image,
rate their confidence (on a six-category
rating scale) that the candidate location
actually represented an experimental
nodule, and indicate which lung con-
tamed the most suspicious location. Film
sheets were placed on a standard clinical
illuminator and viewed one sheet at a
time in a darkened room with controlled

ambient lighting (room brightness set so
that text on white paper was visible).
Glare was minimized by illuminating
only one film sheet at a time. Observers
were given unlimited time to render their

judgments.

Images were viewed with the two pro-
tocols: (a) fixed viewing distance of 55
cm and (b) variable viewing distance.
Fifty-five centimeters was chosen as the

fixed distance because it is a typical dis-
tance employed by radiologists reading

film images at clinical multifilrn viewers
at our institution. With the variable dis-
tance protocol, observers could get as
close to the film sheet as they liked and
could use a x3 handheld magnifier.

All observers participated in pretest

experiments to give them familiarity with
the experimental procedures and to en-
sure that performance with this new

sample of images was similar to that mea-
sured in our prior studies and was still in
the optimum range for finding small per-

formance differences (9). Each observer
was also given an instruction sheet that
described the task. This sheet read as fol-

lows:

Your task is to find the most sus-
picious nodule on each image (a single
nodule must be identified on every
image). The lesion should be rated on
your confidence that it represents an
experimental nodule, rather than ar-
tifact, noise or normal structure. The

confidence ratings are as follows: YH
= yes high-definite experimental
lung nodule; YM = yes medium-prob-
able experimental lung nodule; YL =

yes low-possible experimental lung
nodule; NL = no low-possibly not ex-
perimental lung nodule; NM = no me-

dium-probably not experimental
lung nodule; NH = no high-definitely
not experimental lung nodule. Indi-
cate on the response sheet which lung
you think likely contains the nodule

Figure 3. Observer
performance (expressed
as A1) as a function of
format density. With a
variable viewing dis-
tance, performance was
relatively constant at
increasing format densi-
ties. With the fixed
viewing distance, per-
formance declined at
increasing format densi-
ties. The error bars are
the standard deviations
of the means of all the
trials.

by placing your confidence rating in
the box appropriate for each side.

The reading order was balanced to re-

duce the possibility that any observer

reading order could bias the results. The

viewing distance and format density were
also balanced. Specifically, there were 24
trials per observer in which 12 image sets

were read. The order of image presenta-

tion was randomized in each image set.

Observers alternated between the fixed
and variable distance protocols every
three image sets. The format density ma-
nipulation was interleaved between the
distance protocols; thus, in every six irn-

age sets, the observer saw all six format
densities, half at a fixed and half at a van-

able distance. Two of the observers read
from small to large format densities; the

other two read from large to small. They
read only half of the images for each con-

dition in each trial (half of those read in
a trial had nodules and half did not). Six
trials later, the observer read with the
same viewing conditions and the same
format density but with the nodule con-

dition reversed (ie, an image previously
without a nodule now had a nodule and
an image previously with a nodule now

had no nodule).

Data Analysis

To determine the observers’ abilities

to detect and locate nodules, two analy-
ses were performed. First, the ability to
detect a nodule was evaluated by using

their confidence ratings to construct re-
ceiver operating characteristic (ROC)

curves (10, 1 1). The area under the ROG

curve (A,) was used as a measure of accu-

racy. Second, the fraction of nodules con-
rectly localized to the proper lung was
tabulated, a two-alternative forced-choice
task. Observers’ detection accuracies were
tabulated as a function of format density,

viewing distance (fixed or variable), and
order of presentation.

Statistical Analysis

The relationships between observers’
abilities to detect and locate nodules with

the different image sizes and formats were

assessed by calculating the correlation

coefficient relating detection as a func-

tion of image size. To determine the sig-

nificance of differences in performance

among all possible pairs of image sizes,
analysis of variance was performed. The
difference in detection accuracy with

fixed versus variable viewing distances
was assessed with the Wilcoxon rank-sum
test, a nonparametnic statistical test.

RESULTS

Figure 3 shows the observers’ ability to

detect nodules (ie, A,) on images dis-

played with various format densities and
with the two viewing protocols. (Data
from individual observers [unreviewed by

Radiology] are available on the Internet at

http://www.med.harvard.edu/BWHRad.) At

the 55-cm viewing distance, nodule de-
tection varied directly as a function of
image size (r2 = .984, P= .0001). A1 reached

0.857 for the 6-on-i format but decreased
sharply to 0.671 for the 80-on-i format.
There was no plateau in performance be-

yond which the adverse consequences of
smaller images began.
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ens reported that they felt “uncomfort-
able” viewing formats denser than 20 on
1. They found that reading the smallest
images was fatiguing and that use of the

magnifier was inefficient. However, a

benefit of denser formats was fewer film
sheets to’ handle, mount, and change in
a reading session.

DISCUSSION

tectability of lung nodules will decline.
Small lesions could conceivably be ren-
dered at sizes so small relative to the acu-
ity of the human visual system that they
would become invisible.

One could consider the two viewing

conditions used in this study as represent-
ing the upper (variable distance) and
lower (fixed distance) boundaries of din!-
cal performance. As the images are ren-
dered smaller, these boundaries diverge
and the radiologists’ potential risk of er-
ror increases. In our study, the degree of
performance decline at the fixed distance
as a function of format density was far
greater than might be expected from clas-
sic psychophysical models (4,12-16).
When the calculated signal-to-noise ra-
tio derived from the retinal angle cut by
the nodules is considered, better perfor-
mance with the small images at the fixed
distance was expected than was actually
observed. The mechanism of this appar-

ent decline In observer efficiency is un-
known; however, several plausible
mechanisms could play a role in this ef-
fect. One reasonable speculation is de-
nived from the different patterns of pe-
nipheral visual information on the large
and small image stimuli. As format den-
sity increases, a greater fraction of the
visual field will be cluttered by the corn-
plex, heterogeneous patterns of lumi-
nance variation produced by the neigh-
boring images. We hypothesize that these
complex patterns in the visual periphery
degrade the observers’ ability to see small
nodules in the central retinal area. This
effect is inherent in any presentation that
involves viewing film images on an al-
temator and could lead to degiaded per-
formance.

A second potential mechanism relates
to the physiology of eye focus and fixa-
tion. One might anticipate that maintain-
ing accurate fixation and accommodation
would be more difficult for the reader
with smaller images than with larger
ones. Particularly for observers with age-
related limited ability to accommodate,
the nodules on the small images might
literally have been harder to see.

A third, related potential mechanism

Is derived from our belief that observers
fail to find focal lesions on medical im-
ages because other image-based features
mimic the targets and confuse the ob-
server (2, 1 7). Distinguishing these nor-
ma! features from abnormal ones may
require that the normal features be well
seen and easy to analyze visually. In fact,
the specific visual attributes that permit

such discrimination are likely smaller
than the candidate lesions themselves.

Conversely, when observers were per-
mitted to vary the viewing distance and
use the handheld magnifier, performance
across image sizes was nearly constant,

declining only fractionally with the high-

est format density (r2 = .637, P = .06). A�
decreased only from 0.884 to 0.834 over
the range of format densities. In contrast

to results with the fixed viewing distance,

a plateau in performance was observed,

with nodule detection decreasing signifi-
cantly at image sizes smaller than 42 on
1 (P < .05 for 80 on 1 vs all other sizes; P
not significant for all pairs at larger sizes).
Overall, performance was significantly

better with a variable viewing distance

than with the fixed distance (P < .001).
Figure 4 shows the fraction of nodules

correctly located as a function of format
density. (Data from individual observers

[unreviewed by Radiology] are available on
the Internet at http://www.med.harvard

.edu/BWHRad.) At the fixed viewing dis-

tance, performance declined as image size

decreased: The fraction of nodules cor-

rectly located dropped from 0.878 for 6

on 1 to 0.644 for 80 on 1 (r� = .956, P =

.0007). With a variable viewing distance,

performance was far less affected by for-

mat density: The fraction of nodules cor-

rectly located decreased only from 0.850
to 0.812 over the range of format densi-
ties (r� = .479, P= .117). However, as with
the fixed viewing distance, performance

was significantly poorer at 80 on 1 corn-
pared with all other format densities (P <

.05). Again, performance was signifi-

cantly better with a variable viewing dis-
tance than with the fixed distance (P <

.001).

When debriefed about their subjective
impressions of the reading task, observ-

The need to manage the growth of costs
associated with new technology and to
reduce the actual costs of clinical care has

hit academic medical centers especially

hard. To protect human resources, par-
ticularly highly trained technical person-

nel, the initial focus of a cost-contain-
ment effort is usually on supplies.
Increasing use of film by laser printers
connected to spiral CT scanners and fast

magnetic resonance systems creates prob-

lems for departmental budgets and chal-

lenges managers to find ways to control
or reduce film costs. At a cost of approxi-
mately $3.50 per 14 x 17-inch (36 x 43-
cm) sheet, plus substantial additional
costs for handling and storage, reducing

film consumption is an attractive cost-
containment target. Printing more,
smaller images on each sheet of film is
an easy way to achieve this goal.

Our results indicate that a simplistic
approach to controlling laser printer film

consumption-changing image size or
format density without changing radiolo-
gists’ viewing habits-can have percep-
trial consequences that impede radiolo-
gists’ performance of basic clinical tasks.

If radiologists maintain a fixed viewing
distance as image size decreases, the de-
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Figure 4. Observer
performance (expressed

as the fraction of nod-
ules correctly located) as
a function of format
density. Performance
was relatively constant
with a variable viewing
distance but declined
with the fixed viewing
distance. The error bars
are the standard devia-
tions of the means of all
the trials.
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Consequently, lesion detection may be

more vulnerable to limitations of the

human visual system than other detec-
tion tasks: Nodule detection against a
complex background is really a discnimi-
nation task requiring higher acuity than
a detection task against a uniform back-
ground. It is also possible that the at-

tributes that allow a human observer to

distinguish actual lesions from similar-

appearing normal features vary as the
image size changes; the human observer
may be unable to learn those attributes

in an experiment such as ours in which

the image size changes from reading ses-

sion to reading session. The failure to

learn the specific distinguishing at-

tributes may explain the increased vania-
tion (larger error bars) in observer perfor-
mance when the smaller images were
evaluated at the fixed viewing distance.
One could conclude that the observer’s

ability to clearly see normal structures
that mimic the target against a natural
background is the determining factor in
the influence of image scale changes on
detection decisions.

Our debniefings of observers indicated
that even if perceptual limitations en-

countered when viewing small images
can be overcome by varying the viewing
distance, there are additional practical
reasons for not simply printing smaller
images with denser formats. Subjectively,
our observers found formats denser than
20 on 1 difficult to read. They were forced

to use the handheld magnifier with these
denser formats, a procedure that ham-
pered their efficiency and speed when
viewing large numbers of images. In a
view box teaching session or small con-
ference session, very small image sizes
make it impractical for more than one

person to view the images at the same
time. In addition, the coherent interfer-

ence produced by the tightly packed im-
ages was found to be intrusive. However,
the observers also did not favor the large,

loosely packed formats (ie, 6 on 1). They

found that the many film sheets required

in these cases were difficult to manage

and slowed the reading speed. Subjec-

tively, our observers found the interrne-
diate format densities (ie, 12 or 20 on 1)
to be the best compromise.

Several characteristics of our study
could limit its generality. First, we pro-

vided observers with only a single chest

CT section to evaluate and did not pro-
vide the data from adjacent sections that

would be available in the clinic. The need
to navigate through an image volume

introduces additional complexities to the

evaluation of the effects of format den-
sity. Some observers might prefer to navi-
gate through smaller images packed into

a smaller physical area; others may be-
lieve that the perceptual complexity of
navigating through small images from a
given patient would be a detriment to

performance.

Second, observers searched for a single
target, a lung nodule. This task required
the observers to detect and locate lesions

with specific physical characteristics (ie,
small size, high contrast). Detection per-
formance with this small, focal target may
not be generalizable to other lesion types.

For example, liver tumors on CT scans
tend to be larger and to have lower con-

trast with their backgrounds than lung
nodules. Detection of this other target
type may be affected by limited edge defi-
nition, edge continuity, or the masking

effects of low-spatial-frequency noise in

the image or in the human visual system.
Third, observers focused diligently on

a specific task: detection of a single nod-

ule that was present with a relatively high
probability (0.5). Although detection of
a lung nodule is a complicated task, ra-

diologic diagnostic tasks are typically

more complex and the likelihood that a

lung nodule is present is rarely that high.
In addition, other specific tasks (eg, evalu-
ation of interval changes in nodule size)
would probably be adversely affected by
smaller image size even when the radi-

ologist is diligent.

In conclusion, the results of our study

suggest that the perceptual limitations of

reading small, densely packed images are
real but can be overcome if radiologists
take active steps to scrutinize film images
at close range. Because such compensa-

tory procedures can be cumbersome and

time-consuming, we recommend that 12,
15, or 20 on 1 continue to be standard
clinical formats for CT images.
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