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 Purpose: To determine the precision of a three-dimensional (3D) 
method for measuring the growth rate of solid and sub-
solid nodules and its ability to detect abnormal growth 
rates.

 Materials and 
Methods: 

This study was approved by the Institutional Research 
Board and was HIPAA compliant. Informed consent was 
waived. The growth rates of 123 lung nodules in 59 patients 
who had undergone lung cancer screening computed to-
mography (CT) were measured by using a 3D semiauto-
mated computer-assisted volume method. Clinical stability 
was established with long-term CT follow-up (mean, 6.4 
years  6  1.9 [standard deviation]; range, 2.0–8.5 years). 
A mean of 4.1 CT examinations per patient  6  1.2 (range, 
two to seven CT examinations per patient) was analyzed 
during 2.4 years  6  0.5 after baseline CT. Nodule morphol-
ogy, attenuation, and location were characterized. The 
analysis of standard deviation of growth rate   in relation to 
time between scans yielded a normative model for detect-
ing abnormal growth.

 Results: Growth rate precision increased with greater time be-
tween scans. Overall estimate for standard deviation of 
growth rate, on the basis of 939 growth rate determinations 
in clinically stable nodules, was 36.5% per year. Peripheral 
location ( P  = .01; 37.1% per year vs 25.6% per year) and 
adjacency to pleural surface ( P  = .05; 38.9% per year vs 
34.0% per year) signifi cantly increased standard deviation 
of growth rate. All eight malignant nodules had an abnor-
mally high growth rate detected. By using 3D volumetry, 
growth rate–based diagnosis of malignancy was made at 
a mean of 183 days  6  158, compared with radiologic or   
clinical diagnosis at 344 days  6  284.

 Conclusion: A normative model derived from the variability of growth 
rates of nodules that were stable for an average of 6.4 years 
may enable identifi cation of lung cancer.

 q  RSNA, 2011

Supplemental material:  http://radiology.rsna.org/lookup
/suppl/doi:10    .1148/radiol.11100878/-/DC1 
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 Given this need, clinically stable 
individuals participating in a long-term 
lung cancer screening study were ana-
lyzed to measure the growth rate of solid 
and subsolid nodules at CT. Our pur-
pose was to determine the precision of 
a 3D method for measuring the growth 
rate of solid and subsolid nodules and 
its ability to depict abnormal growth 
rates. 

 Materials and Methods 

 Study Subjects 
 This study was approved by the Institu-
tional Research Board with a waiver of 
consent and was Health Insurance Por-
tability and Accountability Act compli-
ant. Chest CT reports of all individuals 
enrolled between March 1, 2000 and 
November 30, 2001 in a lung cancer CT 
and biomarker screening trial at our 
institution were reviewed for the pres-
ence of clinically stable lung nodules. 
Nodules were determined to be stable 
on the basis of reports issued by inter-
preting dedicated thoracic radiologists 
(including J.P.K. and D.P.N.) with expe-
rience ranging between 3 and 25 years. 
Clinical stability was established with 
long-term CT follow-up, which lasted 
for a mean of 6.4 years  6  1.9 (standard 

true volume of a nodule is of interest, 
in clinical practice, the precision or re-
producibility of a measurement method 
is more relevant. Three-dimensional 
techniques have been shown to be more 
sensitive, particularly for asymmetric 
nodules, than one- or two-dimensional 
methods for identifying changes in nod-
ule size ( 6,8,27–31 ). Several reports 
addressed the precision of 3D volume 
techniques for measuring nodules in vivo 
( 8,10,11,32 ), primarily on single CT stud-
ies or CT studies obtained the same day. 
To our knowledge, the precision of as-
sessing in vivo the volume of subsolid 
nodules has only been reported in one 
promising study that used manual trac-
ing for nodule volumetry ( 33 ). 

 To assess changes in nodule volume, 
we developed a semiautomated 3D al-
gorithm that is applicable to both solid 
and ground-glass attenuation nodules. 
Validation by using stationary phantoms 
has been performed. However, phantom 
studies cannot assess potentially signif-
icant   errors due to respiratory motion, 
changes in the parenchyma surround-
ing nodules, varying nodule orientation 
in relation to the chest wall and other 
structures, irregular nodular borders, and 
asymmetric nodule shape and attenua-
tion. Before a 3D volume technique can 
be reliably applied in clinical practice, 
it is essential to assess its precision for 
measuring growth rate in   vivo .  We also 
examined the ability of 3D volumetry to 
depict abnormal growth rates by apply-
ing our model to pathologically proved 
malignant nodules. We hypothesized 
that the use of the model depicts suspi-
cious growth earlier than criteria used 
in present practice. 

             The ability to detect an increase in 
the size of a pulmonary nodule, 
whether indeterminate or of known 

malignant potential, is of high clinical 
importance, particularly in light of the 
recent announcement by the National 
Lung Screening Trial that reported pre-
liminarily a reduction in lung cancer–
related deaths by 20% with computed 
tomographic (CT) screening, in com-
parison with chest radiography ( 1 ). 
Although potentially related to benign 
processes, growth of a nodule raises clin-
ical suspicion of malignancy and alters 
subsequent management ( 2,3 ). 

 Current radiologic practice for as-
sessing changes in nodule size at chest 
CT relies on manually obtained one- and 
two-dimensional measures ( 4,5 ). Mea-
surement techniques include the use of 
calipers for determining the largest or 
the two largest orthogonal dimensions 
on a representative single axial section, 
which can be multiplied or used to de-
termine the area of a nodule on a single 
section, by using mathematical assump-
tions of nodule shape. 

 Semiautomated and fully automated 
three-dimensional (3D) volume evalua-
tion has been shown to be both accurate 
and precise for quantifying the size of 
small solid nodules ( 6–26 ). While abso-
lute accuracy or the ability to measure 

 Implications for Patient Care 

 A model derived from the normal  n

distribution of variability can po-
tentially be used for surveillance 
of lung nodules suspected of 
being malignant by differentiating 
normal from abnormal growth 
rates. 

 With further understanding of its  n

limitations, the model may assist 
in monitoring solid and subsolid 
nodules for signifi cant   growth. 

 Advances in Knowledge 

 A model for growth rates, estab- n

lished by using serial CT scans, 
demonstrated decreased vari-
ability of the growth rate as time 
intervals between CT scans 
increased, ranging from 47.0% 
per year at an interval of 0.5 
year, to 30.4% per year at an 
interval of 1 year, to 19.6% per 
year at an interval of 2 years. 

 The model enabled abnormal  n

growth rates to be detected in all 
eight pathologically proved 
malignancies. 

 The standard deviation of growth  n

rate increased with peripheral 
location ( P  = .01) and when nod-
ules abutted the pleural surface 
( P  = .05). 
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Nodule location was defi ned as central 
if the lesion was found within the inner 
two-thirds of a lobe; otherwise, it was 
considered peripheral. When the nodule 
contacted the pleura, the pleural sur-
faces (mediastinal, costal, and/or fi s-
sural) were recorded. A nodule shape 
was determined to be either round 
(ie, spherical or elliptical) or irregular. 
The morphology of the border of a nod-
ule was categorized as smooth, lobu-
lated or spiculated, or poorly defi ned. 
The presence of CT artifacts in the 
vicinity of the nodule and the presence 
and number of vessels contacting each 
nodule were noted. 

 The longest dimension of each nod-
ule was measured by one of two readers 
(one   with 3 years of in-residency train-
ing [E.J.B.] and the other [M.K.] with 
1 year of training after medical school) 
by using electronic calipers on the axial 
section in which the nodule appeared 
the largest. The maximal transverse di-
mension of the largest adjacent vessel 
that abutted the nodule was also mea-
sured at the point of contact with the 
nodule. 

 Volume Measurement 
 The volume of each nodule was com-
puted by using a previously described 
method based on a partial volume model 
( 7,34 ) with subsequent modifi cations 
( 35 ). The observer was required to place 
an overinclusive region of interest ( I  1 ) 
around the nodule while avoiding ad-
jacent structures (blood vessels, chest 
wall) and unrelated disease such as at-
electasis and consolidation. Manual de-
lineation of the overinclusive 3D region 
encompassing a nodule took 35 seconds 
on average.  I  1  included the nodule on 
all CT sections in which it was visible 
in addition to penumbra of the lung, 

All of the initial scans were performed 
with a low-dose technique by using 
120–140 kVp with 20–40 mAs and re-
construction by using a high-frequency 
algorithm (kernel b60), 512  3  512 res-
olution, and 25–35-cm fi eld of view. For 
the subsequent follow-up CT examina-
tions, 77% were conducted by using a 
low dose (20–40 mAs), and 23% were 
conducted by using doses ranging from 
50 to 120 mAs. Images were recon-
structed in 1.25-mm sections at 1.0-mm 
intervals for determination of nodule 
characteristics and 3D volume mea-
surements. Protected health informa-
tion was removed, and the anonymous 
data were transferred in Digital Imag-
ing and Communications in Medicine 
format to a standard desktop computer 
for analysis. 

 Nodule Characteristics and Caliper 
Measurements 
 Each nodule was categorized in terms of 
its attenuation, location, overall shape, 
and borders at baseline CT. The pres-
ence of image artifacts was assessed at 
every time point. This was performed 
by two experienced thoracic radiologists 
(J.P.K.; D.P.N., 25 years of experience 
in chest radiology). Characteristics were 
initially assessed independently to study 
interobserver variability. A consensus 
session was performed to resolve dis-
crepancies, and results were analyzed 
to assess the effect of these character-
istics on growth rate estimates. Nodule 
attenuation was characterized as solid 
for nodules closely approximating soft-
tissue attenuation or subsolid when 
there was presence (either the entire 
nodule or its component) of attenuation 
lower than that of soft tissue. The at-
tenuation of adjacent vessels in the lung 
parenchyma was used as a reference. 

deviation) and ranged from 2.0 to 8.5 
years, after the initial baseline examina-
tion. A total of 123 stable lung nodules 
were identifi ed in 59 individuals. There 
were 25 female (mean age, 56.6 years 
 6  8.4) and 34 male (mean age, 61.1 
years  6  8.3) patients. 

 A total of 239 CT examinations, 
59 baseline and 180 follow-up exami-
nations, with an average of 4.1 exam-
inations per patient  6  1.2 (range, two 
to seven examinations per patient), 
were identifi ed for volumetric analysis. 
Subsequent examinations were per-
formed during a mean of 2.4 years  6  
0.5 (range, 1–3.6 years) after baseline 
examination ( Table 1  ). The majority 
(approximately 85%) of subsequent CT 
examinations were performed for nod-
ule follow-up. Images of each nodule 
that had been obtained at multiple time 
points were reviewed by a thoracic radi-
ologist (J.P.K., 9 years of postfellowship 
experience) to confi rm stability. 

 Nodules in eight patients with lung 
malignancy diagnosed by a change in 
size were identifi ed during the same 
time period, and malignancy was con-
fi rmed by using surgery ( n  = 7) or bi-
opsy ( n  = 1) results. There were fi ve 
women (mean age, 65.9 years  6  4.31) 
and three men (mean age, 59.9 years 
 6  1.5). Five of eight patients had been 
imaged as part of a CT screening trial, 
with a mean of four CT examinations 
per patient (range, two to seven exam-
inations per patient) performed during 
a mean of 1.45 years (range, 0.2–3.2 
years). One patient had a screening 
CT ordered by a referring physician for 
smoking history, with two CT studies 
acquired 85 days apart. Two remaining 
patients underwent three and fi ve CT 
studies separated by 466 and 758 days, 
respectively. One was ordered for an 
abnormal radiograph and smoking his-
tory, while the other was ordered for 
follow-up after lung cancer resection. 
CT reports were reviewed to document 
the date on which abnormal growth was 
detected. 

 Imaging Protocol 
 Imaging was performed with a four–
detector row CT scanner (Volume Zoom 4; 
Siemens Medical Solutions, Iselin, NJ). 

 Table 1 

 Number of Patients, Nodules, and CT Examinations per Patient 

Parameter No. of Subjects No. of Nodules No. of CT Examinations per Patient * 

Presumed stable 59 123 4.1  6  1.2
Proven malignant 8 8 3.7  6  1.7
Total 67 131 4.1  6  1.2

* Data are means  6  standard deviations.
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extending 1–3 mm (approximately 2–6 
voxels) beyond the apparent margin of 
the nodule. A nodule map as a subset 
of  I  1  was generated. Nodule volume was 
then computed by summing partial vol-
umes of voxels on the nodule map (Ap-
pendix E1 [online]). 

 The two observers who completed 
the caliper measurements also per-
formed volumetric assessment after a 
training session. Each observer ana-
lyzed one-half of the nodules. The train-
ing session entailed use of the software 
program on two sample nodules. The 
training session reviewed the procedure 
for region of interest placement, so that 
the adjacent structures that abutted the 
nodule, such as the chest wall or blood 
vessels, were excluded. All serial CT 
studies in a given nodule were analyzed 
by the same observer at the same time, 
refl ecting the radiologic practice of com-
paring current with prior examination 
results ( Fig 1  ). To assess interobserver 
variability, at all imaging time points for 
a random subset of 19 of these   nodules, 
ranging in volume between 10.7 and 
100.3 mm 3 , volume was independently 
measured by both observers. 

 Data Analysis 
 The apparent growth rate (GR) mea-
sured at any two points in time ( T  1 ,  T  2 ) 
was computed as 

   2 1

1 2 1

GR 100% ,
( )
V V

V T T
   

 where  V  1  and  V  2  were the two volume 
estimates. For stable nodules with pre-
sumably minimal growth, the variance 
of growth rate refl ected predominantly 
the precision of volume measurement. A 
total of 939 pairs of  V  1  and  V  2  were avail-
able for analysis, including 142 growth 
rate values for nonsolid nodules. 

 The distribution of growth rate for 
all stable nodule measurements was 
used to determine the relationship be-
tween variability of growth rate and the 
time interval ( D  T  =  T  2   2   T  1 ) and to cor-
rect growth rate for the effect of the 
time interval. For modeling of the re-
lationship between standard deviation 
of apparent growth rate as a function 

 Figure 1 

  
  Figure 1:  Axial chest CT images   of two representative stable nodules. Top: Ovoid solid nodule abuts the 
costal pleural surface in the right lower lobe. Bottom: Round nodule in the right lower lobe. Both nodules 
were imaged at four time points (left to right).   

of time interval, all growth rate values 
were sorted according to time interval 
and then divided into 10 approximately 
equal-sized bins on the basis of increas-
ing values of time interval. Each bin 
contained 93–94 data points. A power 
function,  s  =  a  ( D  T )  2    b  , with two free 
parameters  a  and  b , was used to model 
the dependence of standard deviation 
of growth rate on time interval. The 
Levene test ( 36 ) of homogeneity of var-
iance was used to identify nodule char-
acteristics that signifi cantly affected the 
precision of growth rate. A  P  value of 
less than .05 was considered to indicate 
a statistically signifi cant difference. The 
agreement between observers was as-
sessed for nodule characteristics and 
for measured volumes by using intrac-
lass correlation coeffi cient (ICC) (abso-
lute agreement). 

 Results 

  Table 2   lists the characteristics of lung 
nodules as assessed by the consensus 
reading. The mean linear dimension of 
stable nodules was 5.4 mm  6  4.7 and 
ranged from 1.6 to 19.0 mm. 

 A plot of growth rate values ( Fig 2  ) 
with all available time points for clini-
cally stable nodules showed that values 
were clustered around a zero growth 
rate (mean, 3.3% per year), which was 
consistent with the notion that these 
nodules were truly clinically stable. 

Growth rate did not differ signifi cantly 
between solid (2.8% per year  6  35.5) 
and nonsolid (8.0% per year  6  38.2) 
nodules ( t  test,  T  =  2 1.6,  P  = .11). The 
variability of growth rate clearly de-
creased with increasing time interval, 
suggesting that volume changes were 
less precisely determined over shorter 
time intervals. Across all observations, 
the standard deviation of growth rate 
was 36.5% per year. 

 The relationship between the stan-
dard deviation of the apparent growth 
rate as a function of time interval 
( Fig 3  ) was well approximated by the 
power function. A least-squares regres-
sion analysis yielded  a  equals 30.4 and 
 b  equals 0.63 for all stable nodules, im-
plying the standard deviation of 47.0% 
per year at a time interval of 0.5 year, 
30.4% per year at a time interval of 
1 year, and 19.6% per year at a time 
interval of 2 years. In a truly stable nod-
ule, the standard deviation of the growth 
rate would be inversely proportional to 
time interval (ie,  s  =  a / D  T ). However, 
the inverse model fi tted our data much 
more poorly, with  R  2  of 0.738 and root-
mean-square residual of 8.9% per year, 
compared with  R  2  of 0.972 and root-
mean-square residual of 3.1% per year 
for the power function. On the basis of 
this relationship, an operational proce-
dure ( Fig 4  ) can be used to determine 
if a measured value of growth rate sig-
nifi es abnormal nodule growth. 
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threshold for differentiation can be in-
creased. When applied to eight cancers 
that changed in size on serial CT im-
ages, the model identifi ed disease sig-
nifi cantly earlier than did conventional 
manual linear measures in half of our 
cases. In none of the cases did our 
method delay the diagnosis. 

 In addition to a shorter time inter-
val, peripheral location and adjacency 
to pleura were associated with a larger 
variation in growth rate. Gietema et al 
( 17 ) showed that variability of segment-
ing nodules with irregular margins or 
nonspherical shape was more than twice 
as large than for nodules lacking these 
characteristics. 

 The subsolid nodule has been asso-
ciated with adenocarcinoma and preneo-
plasia, which has been termed atypical 
adenomatous hyperplasia. Attention 

by Lindell et al ( 39 ), who calculated 
nodule volume from orthogonal linear 
measurements, an exponential pattern 
may not describe the growth of all lung 
cancers. With the use of 939 growth 
rate estimates, a normative model ( Fig 
4 ) for growth rate precision as a func-
tion of time interval was validated in our 
investigation. Across all observations, 
the standard deviation was 36.5% per 
year; for a time interval of 1 year, it was 
30.4% per year. 

 Detection of growth by using growth 
rate–based measures will not have per-
fect accuracy. Depending on the statis-
tical threshold, a fraction of clinically 
stable nodules will be incorrectly fl agged 
as having an abnormal increased 
growth rate. To reduce the frequency 
of false-positive fi ndings, at the cost of 
increasing the false-negative rate, the 

 Signifi cant factors ( Table 3  ) asso-
ciated with variability according to the 
Levene test were related to nodule lo-
cation. Peripheral location was asso-
ciated with a larger variability (37.1% 
per year) than central (25.6% per year) 
location ( P  = .01). Nodules that abutted 
the pleural surface had greater variabil-
ity (38.9% per year) than those that did 
not (34.0% per year) ( P  = .05). 

 Malignant Nodules 
 All eight nodules that had increased in 
size and were proved to be malignant at 
pathologic examination ( Table 4  ,  Fig 5  ) 
had an abnormally high growth rate de-
tected by using the method. The abnor-
mal growth was detected at a mean of 
344 days  6  284 for radiologic or clinical 
diagnosis that did not include 3D volu-
metry, compared with 183 days  6  158 
when using the 3D volumetric growth 
method ( P  = .05, paired  t  test). 

 Interobserver Agreement for Nodule 
Volume and Characteristics 
 The nodules selected for the interob-
server agreement study ranged in volume 
from 10.7 to 100.3 mm 3 . There was excel-
lent intraclass correlation between vol-
umes measured by two readers (ICC = 
0.98). When nodules were character-
ized independently (prior to consensus 
reading) by two experts, there was good 
agreement for nodule attenuation (ICC = 
0.67), location in the lung (ICC = 0.76), 
and surface morphology (ICC = 0.61); 
fair agreement for nodule shape (ICC = 
0.27) and adjacency to blood vessels 
(ICC = 0.32); and poor agreement 
for interference of CT artifacts (ICC = 
0.09). 

 Discussion 

 We analyzed the precision of growth rate 
measurements in a study of 123 nod-
ules with long-term CT follow-up on the 
order of 6.4 years  6  1.9. While volume 
doubling time is often used for quanti-
fying growth of malignant nodules ( 37 ), 
the variability of volume doubling time is 
much larger than that for growth rate 
for nodules likely to be stable, making 
growth rate a more suitable measure of 
change ( 38 ). In addition, as suggested 

 Table 2 

 Nodule Characteristics 

Characteristic Clinically Stable Nodules ( n  = 123) Malignant Nodules ( n  = 8)

Size
  , 5 mm 71 (57.7) 0 (0)
  � 5 mm 52 (42.3) 8 (100)
Attenuation
 Solid 106 (86.2) 5 (63  )
 Subsolid 17 (13.8) 3 (38)
Location in lung
 Peripheral 113 (91.9) 8 (100)
 Central 10 (8.1) 0 (0)
Abuts a pleural surface
 Yes 50 (40.7) 3 (38)
 No 73 (59.3) 5 (63)
Nodule shape
 Round or elliptical 101 (82.1) 2 (25)
 Irregular or angular 22 (17.9) 6 (75)
Border morphology
 Smooth 104 (84.6) 0 (0)
 Lobulated or spiculated 9 (7.3) 6 (75)
 Poorly defi ned 10 (8.1) 2 (25)
Contacting vessels
 Yes 46 (37.4) 7 (88)
 No 77 (62.6) 1 (13)
 Mean no. of vessels 1.8 4.3
Mean largest diameter (mm) 1.5 2.0
Image artifacts
 Yes 12 (9.8) 1 (13)
 No 111 (90.2) 7 (88)

Note.—Unless otherwise indicated, data are numbers of nodules, with percentages in parentheses. Percentages may not add 
up to 100% because of rounding.
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either of pure ground-glass or mixed 
attenuation, has been addressed in vivo 
only recently ( 33 ). Such nodules are 
of high clinical importance; a majority 
are thought to be adenocarcinomas or 
preneoplastic foci of atypical adenoma-
tous hyperplasia ( 40,41 ). A minority of 
these lesions represent infl ammatory 
conditions such as focal interstitial fi -
brosis ( 40 ). By using growth rate esti-
mates for pure and mixed ground-glass 
nodules, we did not identify a signifi cant 
difference in precision between these 
nodules and their solid counterparts 
( Fig 2 ). Therefore, our method may 
prove useful for longitudinal follow-up 
of the important category of subsolid 
lung nodules. This conclusion is sup-
ported by prior phantom experiments 
in which subvoxel modeling and partial 
volume methods were found more ac-
curate than threshold techniques for 
measuring ground-glass nodules ( 7,35 ). 
It is acknowledged that the category 
of subsolid nodules has members with 
heterogeneous clinical behavior. Possi-
bility remains that, in spite of our long 
6.4 year  6  1.9 CT follow-up, some of 
these nodules nevertheless will eventu-
ally become malignant or have abnormal 
growth rates detected. A previous study 
by Hasegawa et al ( 42 ), utilizing two-
dimensional manual caliper measure-
ments, reported slow doubling times, 
2.2 years  6  1.0 for 19 pure ground-
glass nodules and 1.3 years  6  0.7 for 
19 mixed attenuation nodules. In our 
study, the lack of signifi cant growth dur-
ing a long observation period supports 
our classifi cation of these nodules as 
clinically stable. Our data, when con-
fi rmed with future studies, could enable 
radiologic differentiation of clinically 
stable nodules from their more aggres-
sive ground-glass–containing counter-
parts, which would require aggressive 
treatment in a timely manner. 

 Previous studies have evaluated the 
precision of volume measurement by 
repeating CT examinations on the same 
day ( 11 ) or by measuring clinically sta-
ble nodules at two examinations sepa-
rated by several months or years ( 10 ). 
While both approaches account for 
variability in the phase of respiration, 
the latter strategy may have greater 

Figure 3

  

  Figure 3:  Plot shows standard 
deviation  ( s )  of growth rate  (GR)  
is well approximated by a power 
of time interval  (  D  T) .   

 Figure 2 

  
  Figure 2:  Plots show annual growth rate  (GR)  for clinically stable nodules by 
using all 939 available pairs of time points  T  

1
  and  T  

2
  with  T  

2
  greater than  T  

1
  

for solid and subsolid nodules. The growth values were centered around zero 
growth. There was no signifi cant difference in growth rate distribution between 
solid and nonsolid nodules.   

therefore has been directed toward dif-
ferentiating subsolid nodules with more 
indolent as opposed to aggressive be-
havior. The subsolid nodule has been 

associated with slow growth whose 
detection has been hindered by poorly 
defi ned nature. The precision of mea-
suring the volumes of subsolid nodules, 
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clinical relevance; scarring, atelectasis, 
and other lung disease have a greater 
chance to develop when there are longer 
time intervals between CT examinations. 
These processes may increase the vari-
ability (reduce the precision) of nodule 
volume measurement ( 43–45 ). 

 Our experimental design was sim-
ilar to that used by Kostis et al ( 10 ), 
who examined the precision of percent-
age volume change of 115 stable pul-
monary nodules during an average of 
243 days. For a subset of nodules with 
minimal or no artifacts on CT images 
( n  = 94), they observed a standard de-
viation of percentage volume change 
(PVC = GR ·  D  T ) of 17.7% for a time 
interval of 6–12 months and 22.3% for 
a time interval of 12–30 months. When 
our results are restated in terms of per-
centage volume change, our standard 
deviation was 28.5% for a time interval 
in the range 6–12 months and 34.1% 
for a time interval in the range 12–30 
months. The possible reason for better 
precision found by Kostis et al was their 
use of standard-dose CT technique and 
a small targeted fi eld of view of 9.6 cm. 
In addition, cases that presented a chal-
lenge for automatic volumetry, such as 
nodules that abutted the pleura and 
subsolid nodules, were not included. In 
our study, the size of the nodule on the 
initial study did not affect the precision 
of our measurement. Our method ex-
plicitly accounted for partial volume 
effects and may have overcome the dif-
fi culties encountered when measuring 
smaller nodules. 

 Our study had several limitations. 
The analysis focuses solely on volumetric 
growth. It is also recognized that changes 
in other CT features (eg, morphology, 
distribution of attenuation values within 
the nodule) aid in identifying abnor-
mal change. Recently, de Hoop et al ( 33 ) 
showed for ground-glass nodules that an 
increase in nodule mass was a better in-
dicator of growth than a volume increase. 
The mean nodule mass was expressed as 
the nodule volume multiplied by the mean 
attenuation in the volume (Hounsfi eld 
units adjusted by adding 1000). Their ob-
servers were required to manually deter-
mine the volume, which was subject to 
technical factors that affect quantitative 

 Figure 4 

  
  Figure 4:  List shows method for identifying nodules with abnormal 
growth rates.   s   = standard deviation  .   

 Table 3 

 Variability of Growth Rate for Stable Nodules according to Nodule Characteristics 

Nodule Characteristic Overall Standard Deviation of Growth Rate  P  Value

Size .85
  , 5 mm 36.1
  � 5 mm 37.0
Attenuation .919
 Solid 35.9
 Subsolid 37.7
Location in lung .01 * 
 Peripheral 37.1
 Central 25.6
Abuts a pleural surface .05 * 
 Yes 38.9
 No 34.0
Nodule shape .77
 Elliptical or round 35.8
 Irregular or angular 38.1
Border morphology .24
 Lobulated or spiculated 34.9
 Smooth 35.0
 Poorly defi ned 42.5
Contacting vessels .08
 No 37.6
 One or more adjacent vessels 35.1
Artifacts .39
 No 36.3
 Yes 37.8

Note.—Unless otherwise indicated, data are percentages per year.

* P  value signifi cantly different when less than .05 (Levene test).
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 Figure 5 

  
  Figure 5:  Graphs show growth of eight malignant nodules. Volume (black lines,  � , left vertical scale in cubic millimeters) and linear (gray 
lines,  � , right vertical scale in millimeters) dimensions of malignant nodules plotted in relation to time (in days, horizontal axis). Signifi cant 
volume increase was observed in each case by using volume measurement.   

 Table 4 

 Characteristics of Malignant Nodules and Time of Detection 

Nodule No.
No. of Time 
Points 

Day of Detection * 3D Growth Rate 
at Detection  †  Histologic Finding Attenuation Baseline Size (mm)Clinical Diagnosis 3D Growth Rate

1 4 540 (2) 127 (2)  ‡  206 Poorly differentiated non–small cell 
 carcinoma

Solid 7.5

2 3 36 (2) 36 (2) 4976 Small cell carcinoma Subsolid 28.5
3 7 741 (5) 357 (3)  ‡  69 Moderately differentiated adenocarcinoma 

 with multifocal bronchoalveolar   features
Subsolid 12.0

4 2 83 (2) 83 (2) 294 Moderately differentiated adenocarcinoma Solid 13.4
5 3 325 (3) 48 (2)  ‡  223 Moderately to poorly differentiated carcinoma Solid 11.3
6 5 758 (5) 100 (2)  ‡  191 Invasive adenocarcinoma with peripheral 

 bronchoalveolar features
Subsolid 9.8

7 3 397 (2) 397 (2) 53 Moderately differentiated adenocarcinoma, 
 bronchoalveolar features

Subsolid 11.1

8 2 85 (2) 85 (2) 1029 High-grade adenocarcinoma with 
 angioinvasion

Subsolid 8.3

* Data in parentheses are time points.

 †  Data are percentages per year.

 ‡  Detected earlier than clinical diagnosis.

evaluation ( 46 ). Future work will clarify 
the role of new measures for monitoring 
the growth of ground-glass nodules. 

 Another limitation was that our 
method is semiautomated and required 
the user to manually differentiate the 
nodule from any adjacent chest wall and 
blood vessels. This manual step possibly 
degrades measurement reproducibility 
and adds time needed for nodule assess-
ment. The time for measurement of the 
nodules was approximately 35 seconds 

per nodule volume assessment, although 
this was not measured specifi cally for 
this investigation. 

 Our study did not address the ef-
fect of several methodological factors 
(reconstruction kernel, fi eld of view, 
section thickness, radiation exposure, 
or the use of intravenous contrast mate-
rial), which are known to affect the pre-
cision of nodule volumetry ( 7,19,24,47 ) 
performed in phantoms and in vivo 
( 15,17,23,47–49 ). In one investigation 

of ultra-low-dose CT, Hein et al ( 22 ) did 
not demonstrate signifi cant difference 
in precision for 5 mAs compared with 
75 mAs, although these fi ndings may 
not apply to all patient populations. 

 Nonzero mean growth for stable 
nodules could be a statistical conse-
quence of the defi nition of growth rate 
as the relative growth rate. With no 
growth but rather statistical errors, the 
same distribution of positive changes 
as negative changes will result in larger 
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percentage changes for positive changes, 
given the denominator will be smaller 
for positive changes. In addition, the 
reason that the power model with ex-
ponent not equal to 1 fi tted our data 
signifi cantly better than the ideal model 
( s  =  a / D  T ) may be related to mild vol-
ume changes of clinically stable nodules 
related to infl ammation, scarring, and 
atelectasis that can develop over years. 
This may potentially increase standard 
deviation for a time interval longer than 
1 year more than for a very short time 
interval. The advantage of the power 
model could be related to the sparsity of 
data at a short time interval; the short-
est time interval was about 3 months. 
Last, we were not able to match the size 
of malignant and clinically stable nod-
ules that could potentially exhibit slow 
growth. The ability to detect abnormal 
growth may therefore have been en-
hanced by the larger initial nodule size. 
Nevertheless, we have shown a signifi -
cant difference in growth rate between 
these two groups. 

 In conclusion, a normative model 
based on the variability of growth rates 
measured in lung nodules that were 
stable for an average of 6.4 years en-
abled identifi cation of lung cancer. The 
method based on normal variability ap-
pears promising for the challenging task 
of monitoring lung nodules at CT. 
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