
 

 

Introduction 
 
Nuclear Medicine has made substantial contri-
butions to the progress in diagnostic imaging 
during several decades with modalities like sin-
gle-photon emission computed tomography 
(SPECT), positron emission tomography (PET), 
and positron emission tomography/computed 
tomography (PET/CT) and recently positron 
emission tomography/magnetic resonance im-
aging (PET/MRI). However, regulatory authori-
ties are increasingly reluctant to allowing intro-
duction of new modalities in daily practice due 
to cost-effectiveness concerns. Hence, rigorous, 
comparative studies demonstrating the value of 
new imaging modalities are demanded [1, 2], 
which is costly and time-consuming. With re-
spect to the latter, interim analyses may offer 
an advantage allowing early stopping of a study, 

and may play an important role in diagnostic 
research in the future. At first sight, the estab-
lished framework for interim analyses devel-
oped for treatment studies can be applied in 
diagnostic studies, too. However, there are 
some subtle differences, which we would like to 
point out in this paper.  
 
Nowadays interim analyses are an integral part 
of most late phase II and phase III trials compar-
ing two treatments. They are conducted to en-
sure that patients are not exposed unnecessar-
ily to clearly inferior or dangerous treatments 
and to accelerate scientific and clinical progress 
if clear evidence can be obtained much earlier 
than originally expected [3]. Similar considera-
tions apply to studies comparing two diagnostic 
procedures if one procedure turns out to be 
ineffective [4]. Interim analyses are already well 
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established in treatment studies, and the scien-
tific, ethical, and organizational aspects of such 
interim analyses have been dealt with in the 
literature during the last two decades [5, 6]. 
There are guidelines on the requirements for 
the conduct of a clinical trial in general, i.e., in 
the spirit of the Declaration of Helsinki (http://
w w w . f d a . g o v / d o w n l o a d s / D r u g s /
GuidanceComplianceRegulatoryInformation/
Guidances/ucm073122.pdf - last accessed in 
June 2012), and on statistical principles in par-
ticular (http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/
Guidances/ucm073137.pdf - last accessed in 
June 2012). The latter comprises considera-
tions on trial conduct (like trial monitoring and 
interim analysis, sample size adjustment, in-
terim analysis and early stopping), data analysis 
(e.g. prespecification of the analysis, adjust-
ment of significance and confidence intervals), 
and evaluation of safety and tolerability. Statisti-
cal procedures have been developed to solve 
the multiple inference issues, i.e., repeated test-
ing of statistical hypotheses, resulting from the 
conduct of interim analyses. These comprise 
the so called ‘α spending function approach’ 
where the significance level is basically split into 
smaller pieces to be used in interim analyses 
and the final analysis at the end of the trial [7] 
and the boundaries approach in which test sta-
tistics are plotted against the sample size until 
certain stopping boundaries are crossed [8]. 
Both concepts keep the experiment-wise Type I 
Error at the nominal significance level. Further, 
the emergence of adaptive designs has wid-
ened the possible impact of interim analyses on 
the conduct of treatment studies, enabling, for 
example, treatment selection, treatment switch, 
or hypothesis selection at interim [9-13]. 
 
When the long-term impact of diagnostic mo-
dalities on patient management and time-to-
event endpoints such as ‘overall survival’ or 
‘time to relapse’ are investigated, randomized 
controlled trials (RCT) tend to be the design of 
choice [1, 2]. In the terminology of Fryback and 
Thornbury [14], these diagnostic studies are 
‘Level 5 efficacy studies’, which measure the 
effect of the modalities on patient outcomes. 
Studies of this type, however, are rare [15]. 
Most of the studies in diagnostic research today 
are still accuracy studies, i.e., ‘Level 2 efficacy 
studies’, which address diagnostic accuracy, 
typically in terms of sensitivity and specificity. 
While phase II and III treatment studies are usu-

ally RCTs, comparative phase II diagnostic stud-
ies of accuracy are often designed as paired 
studies, in which all diagnostic imaging modali-
ties are applied in each patient. At first glance 
interim analyses in paired diagnostic studies 
may be performed according to the established 
framework for treatment studies. However, due 
to the inherent differences between RCTs and 
paired diagnostic studies, the role of interim 
analyses in each may vary. It is the purpose of 
this article to point out three major differences, 
examine their consequences, and discuss how 
interim analyses can be used more efficiently 
and advantageously in paired diagnostic stud-
ies. We exemplify our points by using a recent 
investigation at our institution in which the de-
tection of bone metastases from prostate can-
cer in patients with histologically confirmed 
prostate cancer by 99mTc-MDP whole body bone 
scintigraphy was compared to the detection by 
PET/CT with 18F-fluorocholine, using MRI as a 
reference. 
 
Materials and methods 
 
Definitions 
 
The term ‘treatment study’ refers to a 
(randomized) clinical trial that aims to demon-
strate the superiority or noninferiority of one 
treatment compared with another treatment or 
a placebo. The classical statistical approach to 
show superiority (or noninferiority) is to apply a 
hypothesis test with the objective of rejecting 
the null hypothesis of no (or only a negligible) 
treatment difference. This kind of study is typi-
cally conducted in a parallel randomized design 
(e.g. [16]). 
 
The term ‘diagnostic study’ refers to a clinical 
study that compares two diagnostic procedures, 
using a third procedure, i.e. the gold standard, 
as a reference. Here it is necessary to distin-
guish between two basically different designs: 
(a) the paired design, in which both procedures 
and the gold standard are applied in each pa-
tient, and (b) the unpaired design, in which only 
one randomly chosen procedure is applied in 
each patient in addition to the gold standard. 
The differences between the two study designs 
have already been presented in the literature 
[17, 18]. The paired design will be ruled out if it 
is either impossible or unethical to perform both 
procedures in each patient. However, as diag-
nostic procedures arising in the field of nuclear 
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medicine are typically noninvasive and can be 
applied in addition to the standard practice, this 
restriction does usually not apply. 
 
In a paired diagnostic study, blinding of the pa-
tient is often impossible, but the results can be 
temporarily blinded by requiring that each of the 
two diagnostic procedures be performed and 
assessed without knowledge of the results of 
the other one. This type of blinding is essential 
to ensure an unbiased comparison. However, 
once both procedures have been carried out 
and their results recorded (e.g. PET/CT images 
have been assessed by nuclear medicine physi-
cians), it is no longer necessary for the results 
to remain undisclosed to physicians taking care 
of patient management, provided of course the 
study is focused solely on diagnostic accuracy 
without secondary objectives like risk evaluation 
or assessment of long-term prognosis. So, pa-
tients can benefit from both procedures which 
make the paired design very attractive from an 
ethical point of view. For example in comparing 
two imaging modalities to detect (local) metas-
tases in cancer patients, lesions indicated by 
only one modality will, if accessible, typically be 
investigated further by some kind of bioptic pro-
cedure to ensure the true character of as many 
lesions as possible. If the results of the gold 
standard can also be obtained without delay, 
they too can be made available to the treating 
physicians for the same reasons. 
 
It may sound inappropriate to use the results of 
a new, yet unapproved, diagnostic procedure in 
decisions on patient care. However, in nuclear 
medicine new imaging procedures have often a 
face advantage by providing images with better 
resolution and/or over a wider region (e.g. 
whole body scans) than established procedures. 
Indeed, diagnostic studies have the aim to dem-
onstrate that this face advantage does also re-
sult in a higher accuracy, but it may be unethi-
cal to ignore this face advantage in the daily 
routine, although its existence should be dealt 
with some care. 
 
Treatment studies vs. paired diagnostic studies 
 
Table 1 contrasts the objectives and design 
issues of treatment studies and those of diag-
nostic studies, especially with respect to the use 
of interim analyses. Interim analyses in diagnos-
tic studies focus often only on futility [19-23]. A 
very distinct and statistically highly significant 

improvement is often unlikely or impossible 
since an already substantially accurate stan-
dard procedure is already in use. Interim analy-
ses in treatment trials are typically performed by 
external, independent Data Monitoring Commit-
tees. A similar tradition has not yet been estab-
lished in diagnostic studies. 
 
Results 
 
Adjustment of sample size based on informa-
tion about additional parameters 
 
The power of a treatment study depends on the 
treatment effect and additional parameters. In 
the case of a continuous outcome (e.g. a de-
crease of blood pressure measured in mmHg), 
the power depends on the difference between 
the means and the population variance. In case 
of a binary outcome the power depends on the 
risk difference or risk ratio and the disease 
prevalence, and, finally, in case of a survival or 
another time-to-event outcome it depends on 
the hazard ratio and the event rate. An interim 
analysis allows us to detect that the original 
assumptions about the additional parameters 
used to complete the sample size calculation 
may be incorrect, and, hence, we can consider 
adjusting the planned sample size. However, 
this is usually not the main issue in an interim 
analysis for a treatment study as the influence 
of the additional parameters is often relatively 
limited compared with other factors, for exam-
ple, the recruitment rate. 
 
In paired diagnostic studies, on the other hand, 
the need for sample size adjustments is much 
greater. The simple reason for this is that the 
sample size required to reject certain hypothe-
ses on the difference in sensitivity and specific-
ity or to reach a certain precision in the corre-
sponding estimates depends heavily on the de-
gree of agreement between the two diagnostic 
procedures [24-31]. For example, if we assume 
a true difference of 10% in sensitivity between 
two modalities (and a significance level of 5%), 
a study including 100 patients can have a 
power of 56.7% if the agreement rate between 
the two modalities is 80%, and a power of 
94.0% if the agreement rate is 90% [30]. The 
higher the agreement rate, i.e., the lower the 
number of patients showing different results, 
the higher the power (see Table 6 in [30]). 
Nonetheless, it is very difficult to achieve a reli-
able estimate of the degree of agreement be-
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tween two diagnostic procedures when planning 
a diagnostic study. Typically, we compare a new 
method with a standard procedure with which it 
has never been compared head-to-head. There-
fore, the study is likely to be conducted initially 
with an incorrect assumption. Then, in an in-
terim analysis, the true degree of agreement 
can be easily estimated even if the gold stan-
dard results are not disclosed. A discrepancy 
between the original assumptions and the in-
terim results can be detected, and it may be 
deemed necessary to adjust the sample size. In 
an earlier publication, we made a concrete sug-
gestion for how to perform such an adjustment 
[30], as will be exemplified later. A further 
source for a need of sample size adjustments 
may be updated information on the prevalence 
gleaned from the interim analysis. 
 
Early decision without early stopping 
 
A treatment study can be stopped early due to 
futility or fertility if the respective predefined 
stopping criteria have been met at interim, but 
the study will be continued if no conclusive re-

sults have been achieved. Investigating for ex-
ample the ability of a new compound to de-
crease high blood pressure (measured in 
mmHg), the decrease of blood pressure is a 
mandatory condition for the success of this 
compound. If it fails to demonstrate this ability, 
the clinical development for this compound is 
over (at least for that particular indication). So, 
in treatment studies there is a clear relationship 
between early decision and early stopping: if we 
are sure about the inferiority or the superiority 
or the new treatment, the study must be 
stopped at once, as it would be unethical to 
continue to randomize and to offer half of the 
patients inferior treatment. 
 
The situation can be very different in a paired 
diagnostic study. Firstly, accuracy is a two-
dimensional concept described typically by sen-
sitivity and specificity. In an interim analysis we 
may come to a firm conclusion with respect to 
one parameter, but not with respect to the 
other, in particular if the prevalence is not close 
to 0.5. Then, the power to determine sensitivity 
in diseased patients and specificity in disease-

Table 1. Characteristics of phase II and phase III treatment and diagnostic studies. 

  Treatment study Diagnostic study 

  Early phase II Late phase II / Phase 
III 

Comparative accuracy 
studies 

RCT 

Objective Dose-finding, admini-
stration form, prelimi-
nary efficacy, safety 

Primary: efficacy; Sec-
ondary: safety 

Accuracy: sensitivity, 
specificity, positive and 
negative predictive val-
ues 

Patient benefit/
outcome such as 
survival 

Design Single-arm studies, 
food-drug interaction 
crossover trial 

RCT Paired RCT 

Blinding Kept when study is 
randomized 

To the fullest possible 
extent 

Temporarily of results Rarely possible 

Input for 
sample size 
planning 

Phase I studies of 
respective clinical 
project, literature 

Phase II studies of 
respective clinical pro-
ject, literature 

Pilot study, possibly 
literature 

Combining results 
from accuracy stud-
ies with expected 
benefit from im-
proved diagnoses [2], 
literature 

Use of in-
terim analy-
ses 

No Yes, with external, 
study-independent 
Data Monitoring Com-
mittees 

Yes, internal assess-
ment of interim results 

Yes, internal assess-
ment of interim re-
sults 

Purpose of 
interim 
analyses 

Not applicable Primary: early stopping 
due to fertility or futil-
ity; Secondary: adjust-
ment of sample size 

Primary: adjustment of 
sample size due to lack-
ing/limited a priori infor-
mation for sample size 
planning; Secondary: 
early stopping due to 
futility 

Primary: early stop-
ping due to fertility or 
futility; Secondary: 
adjustment of sample 
size 
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free patients will differ. Secondly, whereas an 
improvement in diagnostic accuracy is regarded 
as sufficient for a change of the standard clini-
cal routine, regulatory authorities require often 
also proof of clinical benefit, in particular when 
it comes to reimbursement decisions [2]. This 
may imply that we, for instance, may be able to 
demonstrate an increase in accuracy at the le-
sion level in an interim analysis, but have to 
continue the study in order to demonstrate also 
a benefit at the patient level (as will be exempli-
fied later). Thirdly, even if we have demon-
strated an improved diagnostic accuracy of the 
new modality, the question may remain whether 
we can become even better by applying both 
modalities in the future. This question requires 
typically a larger sample size than the compari-
son of the two modalities, as the gain from ap-
plying both procedures jointly is typically smaller 
than the difference between the two proce-
dures. Hence, in diagnostic studies there can be 
many good reasons to perform an interim analy-
sis reaching some firm conclusions of general 
interest to be published, but nevertheless to 
continue the study anyway. Consequently, in-
terim analyses in diagnostic accuracy studies 
have to be considered differently from interim 
analyses in treatment studies. The central ques-
tion is not whether to stop or to continue the 
study, but whether some results are already 
statistically significant and convincing enough to 
be made public whereas for others we have still 
to continue and wait and see. Therefore, we can 
regard interim analyses as a monitoring tool of 
important aspects of a study with the plan to 
continue until the last question of interest has 
been answered. 
 
Of course, such a strategy has to be fixed a pri-
ori already in the study protocol. Ethical objec-
tions need also to be addressed, e.g. if we plan 
to continue to use an invasive procedure which 
has been proven to be inferior at the lesion level 
in order to confirm the result at the lesion level. 
Minor harm like exposure to a limited radiation 
dose may be justified by the continuing advan-
tage for the patients have their care based on 
the results of both modalities. 
 
Keeping results from interim analyses secret 
 
In treatment studies, blinding at the individual 
levels ensures unbiased assessment of treat-
ment outcome and adverse effects in each pa-
tient. Moreover, it protects the integrity of a trial 

by preventing premature conclusions: if blinding 
is successfully done and kept, there is little dan-
ger for rumors to arise about the results of the 
study. Consequently, results of interim analyses 
will typically be kept secret (except if the trial is 
stopped) to avoid any disturbance of the ongo-
ing trial. 
 
The situation is different in paired diagnostic 
studies. As pointed out above, it is one of the 
advantages of paired diagnostic studies that 
patients can benefit from the results of both 
modalities. Hence, it is common practice that 
the treating physician knows both results, and, 
typically that he or she will also know the result 
of the gold standard procedure or at least the 
follow-up data of the patient. In either case 
treating physicians may experience a success or 
failure of the modalities in some patients, and, 
hence, there is a risk for developing an opinion 
about the superiority of one modality over the 
other. If treatment decisions are made in inter-
disciplinary conferences, even more people 
than just the treating physician may experience 
successes or failures or at least discrepancies 
between the modalities. Therefore, there is 
some risk for rumors about the accuracy of 
each modality to arise. 
 
This increased risk – compared to the classical 
treatment trail – may change our attitude about 
keeping the results from interim analyses se-
cret. It may be an advantage to make the re-
sults of the interim analysis available for some 
or all people involved in the study just to avoid 
that rumors may reduce the willingness of clini-
cians or patients to participate in or to cooper-
ate to the study. A common, but correct know-
ledge about the current state of the results with 
a clear indication of what has already been 
shown and what still needs to be shown may 
give a solid basis for a continued smooth con-
duct of the study and for a uniform interpreta-
tion of the results of the modalities in each pa-
tient. 
 
Of course, such officially communicated and 
balanced information does not guarantee avoid-
ance of any bias, as this information may still 
have an impact on those who evaluate the re-
sults of the diagnostic procedure. At the end of 
the day, we have to choose carefully between 
two options: a limited, but uncontrolled and het-
erogeneous spread of information (rumors, no 
interim analysis) or a controlled, but broader 
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and homogeneous spread of information by 
means of preplanned interim analyses. 
 
Example 
 
In a prospective diagnostic study at our institu-
tion we are currently investigating the detection 
of bone metastases from prostate cancer in 
patients with histologically confirmed prostate 
cancer and at least one bone metastasis at 
99mTc-MDP whole body bone scintigraphy and no 
prior or active androgen deprivation [32]. 99mTc-
MDP whole body bone scintigraphy is currently 
the method of choice for detecting bone metas-
tases in these patients. However, the sensitivity 
and specificity of this image modality is subopti-
mal, and, therefore, we, as others, are looking 
for new diagnostic tools. We have examined the 
value of PET/CT with 18F-fluorocholine, using 
MRI as a reference. For this interim analysis, 
data were collected from 42 consecutive pa-
tients from April 2009 to July 2011. The study 
was planned to be evaluated on a per-lesion 
basis, with positive and negative findings indi-
cating malignant and benign lesions, respec-
tively. However, due to recent developments 
about demands for demonstrating clinical bene-
fits as well, we are today also interested in a 
patient-based analysis. 
 
Both a lesion-based and a patient-based analy-
sis were performed in the interim analysis. The 

per-lesion-based analysis using 18F-
fluorocholine showed a highly significant and 
clinically very relevant improvement in sensitiv-
ity, and even a moderate improvement in speci-
ficity (Table 2).  
 
The results of the per-patient-based analysis 
with respect to the presence of at least one ma-
lignant lesion were less clear (Table 3).  
 
The difference in sensitivity was estimated to be 
4.4% with a 95% confidence interval of [-19%, 
28%]. Its width of 47% indicates a rather impre-
cise estimate of the difference in sensitivity. 
 
The results on the lesion level are very convinc-
ing, and there can be no doubt that the scien-
tific community should be informed about this in 
a publication as soon as possible. However, 
assessment of the clinical benefit with respect 
to patient-related outcomes should be per-
formed at patient level, and here the results are 
still inconclusive. So, a continuation of the study 
seemed justified. 
 
The change from the originally lesion-based to a 
patient-based analysis has of course some im-
pact on the sample size. If we stick to the origi-
nal sample size assumptions with a power of 
80% to detect a difference in sensitivity of 10% 
points, the formulas provided by Gerke et al. 
[30] would indicate that a total of 92 patients 

Table 2. Sensitivity and specificity of 99mTc-MDP whole body bone scintigraphy and 18F-fluorocholine 
PET/CT on a per-lesion basis, using MRI as a reference. 
  99mTc-MDP whole body bone scintigraphy 18F-fluorocholine PET/CT 
Sensitivity (95% CI)* 36.4 % (22.4 %, 50.4 %) 87.5 % (76.8 %, 98.3 %) 
Specificity (95% CI)* 81.8 % (72.5 %, 91.0 %) 89.9 % (81.2 %, 98.5 %) 
*95% confidence intervals (95% CI) were adjusted for clustering of lesions in patients. 

Table 3. Results of 99mTc-MDP whole body bone scintigraphy and 18F-fluorocholine PET/CT in relation to 
the respective MRI results on a per-patient basis. 

Results of test procedures Results of MRI 
99mTc-MDP whole body 

bone scintigraphy 
18F-fluorocholine and PET/

CT 
Number of positive find-

ings* 
Number of negative find-

ings** 
Positive Positive 20 0 
Positive Negative 1 0 
Negative Positive 2 0 
Negative Negative 0 19 

*In these 23 patients at least one malignant lesion was found. **In these 19 patients only benign lesions were found. 
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with at least one malignant lesion would have to 
be included. As we were able to observe that 
about half of the patients in the study popula-
tion had at least one malignant lesion (which 
was also much higher than originally antici-
pated), this suggests that an overall sample size 
of 184 patients would be necessary. However, 
these numbers are based on the agreement 
rate of 3/23 observed in the patients with a 
malignant lesion, and this estimate is rather 
imprecise. Therefore, we would recommend 
performing a further interim analysis after the 
inclusion of 100 patients to obtain a more sta-
ble estimate of the agreement rate and to deter-
mine the final sample size. 
 
Discussion 
 
Interim analyses that are not carefully prepared 
in advance will always be a potential threat to 
the validity of a trial. For this reason they must 
be fully planned ahead of time and agreed upon 
by the members of the study group, and all de-
tails should be included in the study protocol. 
The general purpose of the interim analysis 
should be stated along with the procedures to 
be applied, the decision process, and the ac-
tions that should be taken based on the results 
of the analysis. Otherwise, interim analyses can 
be a source of inadequate decision-making and 
false-positive results, which hampers the scien-
tific process and may even sometimes lead to 
fraud. 
 
Interim analyses are commonly used in treat-
ment studies for early stopping of trials if the 
treatment turns out to be beneficial or harmful. 
In diagnostic studies, interim analyses can 
serve different purposes, but their use is still 
uncommon. However, they can and should play 
a more prominent role as they can contribute 
(1) to a reduction of under- or overpowered di-
agnostic studies, (2) to a timely publication of 
the existing evidence, and (3) to minimize the 
risk inherent to rumors about emerging trends: 
1) Paired diagnostic studies often suffer from 
the fact that a priori sample size calculations 
cannot be carried out properly because the 
agreement rate between the diagnostic modali-
ties is normally not known in advance. This 
problem can be solved by recalculating the sam-
ple size after an interim analysis has been per-
formed. 2) Paired diagnostic studies can serve 
multiple aims which can be addressed at differ-
ent time points of a study’s conduct, i.e., with 

different sample sizes. Therefore, there can be 
good reasons to continue the study in spite of 
convincing results concerning one sub-goal in 
an interim analysis, and sequential publication 
of partial results should be common practice. 3) 
The advantages of paired diagnostic studies are 
not compatible with long-term blinding. There-
fore, there is a risk for rumors about emerging 
trends to arise, which can threaten the validity 
of a study in different ways. Informing all people 
involved in the study about the results of an 
interim analysis may contribute to a more uni-
form environment for the study and may antago-
nize unjustified rumors. 
 
In general, we propose running a pilot study 
with 10 to 20 patients to check the feasibility of 
the diagnostic study and to test logistics (not 
least important with respect to interdepartmen-
tal collaborations). Such initial small pilot stud-
ies are a practical means to check logistics 
rather than a way of providing actual data that 
might influence the study design. Nevertheless, 
the results from such early pilot studies may at 
times be used as early tentative assumptions if 
a new procedure is being compared with a stan-
dard one for the first time. On the other hand, 
real interim analyses can and should be used 
for possible sample size adjustments since pilot 
studies generally do not produce sufficient data. 
Before starting the full study, the study protocol 
should be finished with a detailed plan for the 
interim analyses with respect to timing, analy-
ses to be performed, and possible conse-
quences with respect to sample size adjust-
ment, internal and external dissemination of 
results, and continuation of the study.  
 
Conclusion 
 
Despite apparent similarities, interim analyses 
in treatment studies differ from interim analyses 
in paired diagnostic accuracy studies in at least 
three important ways. Namely the need for sam-
ple size adjustments, the possibility of early de-
cision making without early stopping, and con-
sequences of keeping interim results secret. If 
interim analyses are carefully planned, they can 
contribute to the reduction of under- and over-
powered studies when initial reliable estimates 
of agreement rates cannot be obtained. In addi-
tion, they can ensure the early dissemination of 
relevant clinical results, and through controlled 
information sharing prevent inappropriate ac-
tions and promote a smooth study conduct. 
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