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PART ONE  OPTIMIZATION OF SBRT IN EARLY STAGE NSCLC

Radiother Oncol. 2015 Mar;114(3):361-6.

Target delineation variability and corresponding 
margins of peripheral early stage NSCLC treated 

with Stereotactic Body Radiotherapy

CHAPTER 2
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A B S T R AC T

Purpose
To quantify the target delineation variability in peripheral early stage lung cancer treated with 
SBRT and derive corresponding margins.

Methods and Materials
Sixteen early stage NSCLC GTV’s were delineated by 11 radiation oncologists from 4 institutes. 
A median surface was computed and the delineation variation perpendicular to this surface 
was measured (local standard deviation=SD). The overall target delineation variability 
was quantified by the root-mean-square (rms) of the local SD. The required margin was 
determined by expanding all delineations to encompass the median surface, where after the 
underlying probability distribution was modeled by a number of uncorrelated ‘pimples-and-
dimples’. 

Results
The overall target delineation variability was 2.1 mm (rms). Institute I-III delineated significantly 
smaller volumes than institute IV, yielding target delineation variabilities of 1.2 mm and  
1.8 mm respectively. The margin required to obtain 90% coverage of the delineated contours 
was 3.4 mm and 5.9 mm respectively. The factor α in M=αΣ required to calculate adequate 
margins was 2.8-3.2, which is larger than the 2.5 found for 3D rigid target displacement. 

Conclusion
A relatively small target delineation uncertainty of 1.2 mm–1.8 mm (1SD) was observed 
for early stage NSCLC. A 3.4-5.9 mm GTV-to-PTV margin was required to account for this 
uncertainty alone, ignoring other sources of geometric uncertainties. 
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I N T RO D U C T I O N

A variety of geometrical uncertainties such as setup error [1, 2], baseline variation [3-6] and 
respiratory motion [7], limit the precision of radiation therapy (RT) for lung cancer. Advanced 
image guided systems like in-room CT [8], cone beam CT [9] and Tomotherapy [10] have the 
ability to visualize the tumor and organs at risk in 3D or 4D just prior to treatment. These 
systems enable online corrections, aligning the time weighted mean target position with 
the planned position through a couch shift, thereby increasing the accuracy and precision 
of radiotherapy delivery. Such a correction strategy is highly suitable for stereotactic body 
radiotherapy (SBRT), where early stage non-small cell lung cancer (NSCLC) is treated with 
a high dose in just a few fractions [11-14]. Once the average tumor position is aligned [15], 
geometrical uncertainties can be somewhat further reduced by the application of respiratory 
motion management strategies such as gating [16] or tracking [17]. However, an important 
source of geometrical uncertainty that cannot be reduced by image guidance is target 
delineation variability. 
Large target delineation variability of up to 10 mm (1 standard deviation=SD) has been 
observed in conventional lung cancer external-beam radiotherapy for larger or locally 
advanced tumors [18]. Delineation errors cannot be managed by image guided radiotherapy 
and thus persist over the course of treatment, therefore having a potential large impact on 
the dose delivered to the tumor. This so called “systematic error” can be accounted for by an 
increase of margins [19]. However, gross tumor volume (GTV) to planning target volume (PTV) 
margins in SBRT are generally quite small, often ignoring target delineation variabilities or 
the potential of microscopic disease (no CTV margin). There are only few reports about target 
delineation uncertainty in peripheral early stage lung cancer, even though SBRT has been 
widely implemented as standard treatment of inoperable stage I NSCLC [20-22]. Moreover, 
it is unclear how to incorporate such target delineation uncertainties in a PTV margin. The 
purpose of this study was to 1) quantify the target delineation variability in peripheral early 
stage lung cancer and 2) determine the PTV margin required to account for delineation 
variability. 

M AT E R I A L S  A N D  M E T H O D S

Patients
Sixteen patients (5 males, 11 females) with peripheral early stage NSCLC (seven T1a, five T1b, 
three T2a and one T2b tumor) treated with SBRT, were included in this study. Six patients 
had biopsy proven disease: one adeno carcinoma, one squamous cell carcinoma and 
four NSCLC not further specified. The median GTV was 5.8 cc (range 0.8-53.7 cc) and the 
median maximum tumor diameter was 2.1 cm (range 1.1-5.2 cm). Patients were all treated 
at The Netherlands Cancer Institute (NKI) in Amsterdam and were selected from our SBRT 
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database in consecutive order. The median age was 74 years (range 43–86 years) at the start 
of treatment. All tumors were peripherally located and six tumors had contact with the chest 
wall. The majority of the tumors (11/16) were located in the upper lobes (see Appendix A for 
table with tumor characteristics per patient).

CT scan
For each patient, a single 3D Mid-Ventilation planning CT [23] was extracted from the acquired 
4D-CT scan where the tumor was closest to its time-averaged mean position, which was 
then used for target delineation and treatment planning. Slice thickness and distance was 
3 mm with an in-plane voxel size of 1 mm x 1 mm. The tumor peak-to-peak amplitude was 
measured in left-right (LR), cranio-caudal (CC) and anterior-posterior (AP) direction, of which 
only CC amplitude is depicted in Appendix A. 

Observers
Eleven dedicated lung radiation oncologists from four high volume institutions, experienced 
in the treatment of lung cancer with SBRT, participated in this study. Each observer was asked 
to delineate the GTV of each patient on the Mid-Ventilation planning CT. In house developed 
delineation software [24] was used, which contained the delineation tools usually provided 
by most commercial treatment–planning systems. The main window displayed the axial CT 
view for delineation. Two side windows on the right hand side of the main window displayed 
the coronal and sagittal CT view and the delineated structure. Preset Level (-450 Hounsfield 
Units (HU)) / Window (750 HU) settings were included in the software, but were allowed to be 
adjusted. Screen shots of the designated tumor were distributed. The written instruction was 
to delineate the GTV in lung window level in combination with mediastinal level window in 
case of contact with the chest wall. All radiation oncologists received a private access code to 
create, edit and view their own set of contours. They were not able to view the clinically used 
delineations or the work of each other. 

Analysis
The analysis of the target delineation variability was performed according to Steenbakkers et 
al. [18]. First all delineation contours were triangulated. Then for each patient, a 3D median 
surface of the triangulated GTVs of all observers was computed, i.e., each point inside the 
median surface is designated by 50% of the radiation oncologists as part of the GTV. 
Subsequently, for each point describing the median surface, the perpendicular distance was 
measured to each individual triangulated GTV. The variation in distance to a single point was 
expressed in a local standard deviation. The variation (root-mean-square) in distance to all 
points describing the median surface was expressed in an overall standard deviation, which 
is a measure of target delineation variability. Additionally, the irregularity [25] of each median 
surface was calculated by Irregularity = 1 - ( π De f f  )S , with the surface area and the effective 
diameter   Def f  = 2 ∙ 3√3V

4π to evaluate if more irregular tumors were more difficult to delineate.
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Margin validation
The target delineation uncertainty introduces a systematic error (Σ) in the radiotherapy 
delivery process, as the defined contour generally persists throughout the treatment course. 
Therefore, the defined target volume is typically expanded with a margin (M) to account for 
geometrical uncertainties. To achieve a pre-defined minimum dose to the target for 90% of 
the patients in the presence of systematic errors, van Herk et al. [19] proposed M=2.5Σ. This 
margin recipe, however, was derived for systematic rigid displacements rather than shape 
changes caused by delineation variability. Nevertheless, Deurlo et al. [26] and McKenzie [27] 
suggested that M=2.5Σ is a reasonable approximation to account for delineation uncertainties. 
To validate the required margins for delineation uncertainties, the following simulation 
was performed. First, the median surface as used in the delineation variability analysis was 
defined as the gold standard tumor delineation. Second, each delineation of each observer 
was expanded with different margins ranging from 0-10 mm with 0.25 mm increments. 
Then, the number of expanded delineations encompassing the corresponding median 
surface was quantified as a function of the margin expansion. The margin required to obtain 
coverage for 90% of the delineated contours was subsequently interpolated. Additionally, 
the Pimple&Dimple model of McKenzie [27] was fitted to the cumulative histogram derived 
above (see Appendix B).

R E S U LT S

The radiological characterization of all tumors could be summarized as follows: seven tumors 
had a smooth surface, five tumors had a spiked surface and four tumors had a mixture of 
both. Two examples of a smooth and spike tumor of an axial CT view with all delineations 
of the eleven radiation oncologists are shown in Figure 1, where in Figure 1a relatively little 
target delineation variability is present while in Figure 1b the target delineation variability 
is substantially larger. Moreover, it can be noted that in both Figures, three observers 
consistently delineate larger volumes than the other eight. 

In Table 1, the average volume and target delineation variability per observer relative to 
the median surface is given. Both the delineated volume and the variability of the last three 
observers (Institute IV) were bigger (p<0.001 and p<0.009 for the volume and variability based 
on the paired Wilcoxon signed rank test). Within institute I-III and institute IV respectively, 
volume and variability is more consistent. Therefore, next to the whole group, the results of 
institute I-III and institute IV, were analyzed separately. The target delineation variability per 
patient is given in Table 2, together with the volume of the median surface and its irregularity. 
The average (rms) overall target delineation variability of all institutes was 2.1 mm and the 
inter patient variability (SD) was 0.9 mm. Institute I-III had an average and SD of 1.2 mm and 
0.5 mm, while Institute IV had an average and SD of 1.8 mm and 0.7 mm.
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Target delineation variability did not correlate with the volume of the median surface (p>0.1 
for the whole group and each subgroup), but it did correlate with irregularity, with Pearson’s 
correlation coefficients of r=0.77 (p=0.005), r=0.85 (p<0.0001) and r=0.57 (p=0.02) for the whole 
group, institutes I-III and institute IV respectively.

The distribution of the local standard deviation for the whole group is shown in Figure 2a. The 
distribution peaks at 0.9 mm but has a large tail towards larger variabilities. In Figure 2b, the 
distribution of the local standard deviation is shown for the observers from institute I-III. This 

Figure 1. Axial CT view of two patients (patient #4 left, patient #16 right), representing on the left side the smooth 
surface tumors (n=7) and on the right the spiked surface tumors (n=5), with the delineations of the eleven radiation 
oncologists (mixed surface tumors n=4 not shown).  

A B

Table 1. Average volume (over all patients) and overall target delineation  variability for each  observer. Here the 
observer dependent variation is defined as the variability of the distance relative to the median surface.

Observer# Volume (cc) Variability (mm) Institute

1 12.3919 1.1 I

2 13.5969 1.1 I

3 13.8531 1.0 I

4 11.8475 1.0 II

5 14.7563 1.0 II

6 12.7738 0.8 II

7 12.2844 1.1 III

8 11.7550 1.0 III

9 24.1563 1.9 IV

10 22.8162 1.9 IV

11 19.9275 1.6 IV
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distribution peaks at 0.5 mm and has also a smaller tail. Finally, in Figure 2c, the distribution 
for the observers from institute IV is shown. This distribution peaks at 0.6 mm but has a larger 
tail than the other subgroup. 

In Figure 3, the coverage of the delineated contours is depicted as a function of the applied 
margin for the observers of Institute I-III. This distribution was reasonably modeled with the 
Pimple&Dimple model with sigma tumor delineation uncertainty= ΣTD=1.6 mm and number 
of pimple and dimples NP&D=5, i.e., the number of pimples and dimples on a delineated 
surface. When accounting for inter-patient delineation variability as observed in the current 
study an improved fit was obtained with ΣTD=1.3 mm, NP&D=11 and σΣ=0.7 mm. Note that 
these are in reasonable agreement with the average target delineation variability ΣTD=1.2 mm 
and inter-patient delineation variability of σΣ=0.5 mm. Ninety percent coverage was obtained 
with a margin of 3.4 mm. Consequently, with a ΣTD of 1.2 mm, the margin could be derived 
by M=2.8*ΣTD. For institute IV a margin of 5.9 mm provided 90% coverage, such that α in  
M=αΣ was 3.2.

Table 2. Gross tumor volume (GTV) of the median surface with standard deviation (SD), irregularity and overall target 
delineation variability for each patient individually. Additionally, the SD of the volume and delineation variability of 
the two different sub-groups are given. At the bottom root mean square (rms) and SD of all patients are given, with 
each patient having the same weight irrespective of volume.

Patient # GTV±1SD (cc)
All 

1SD (cc)
I-III/IV

Irregularity Delineation 
variability 
(mm)
All

Delineation 
variability 
(mm)
I-III

Delineation 
variability  
(mm)
IV

1 2.4±2.0 0.5-2.9 0.11 1.7 1.1 2.0

2 2.4±3.1 0.4-2.7 0.11 2.5 1.1 2.3

3 6.6±1.4 0.5-1.1 0.079 1.0 0.7 0.9

4 3.0±3.7 0.3-2.4 0.083 2.4 0.6 2.4

5 34.0±4.5 1.9-3.2 0.15 1.2 0.9 1.1

6 5.4±1.1 0.4-1.1 0.075 0.9 0.6 0.8

7 11.0±4.7 1.8-1.4 0.23 2.3 1.4 1.8

8 4.8±1.2 0.6-0.8 0.10 1.1 0.8 1.0

9 46.8±12.7 4.4-6.8 0.14 2.6 1.5 1.9

10 5.0±1.5 0.6-1.3 0.11 1.2 0.7 1.5

11 5.4±2.2 1.1-1.9 0.12 1.6 1.1 1.5

12 3.9±3.8 0.6-0.9 0.22 2.5 1.1 1.2

13 14.3±3.1 1.6-3.3 0.12 1.6 1.2 1.9

14 52.2±17.1 5.5-19.1 0.28 3.1 2.3 3.1

15 0.7±0.3 0.1-0.2 0.071 1.0 0.6 1.0

16 19.5±16.3 2.4-10.0 0.25 3.8 1.6 2.7

rms 2.1 1.2 1.8

SD 0.9 0.5 0.7

201737 Proefschrift Heike Peulen.indd   29 11-09-17   14:15



30

P A R T  O N E   |   C H A P T E R  2

D I S C U S S I O N

A relatively small target delineation uncertainty of 1.2 mm–1.8 mm (1SD) was observed 
for early stage NSCLC. A 3.4-5.9 mm GTV-to-PTV margin was required to account for this 
uncertainty alone, ignoring other sources of geometric uncertainties. 
In clinical practice, a margin should not only account for target delineation variability, but 
also for residual target misalignment and intra-fraction motion. A practical approach to 
combine target delineation uncertainty and systematic target misalignment (ΣMA) could be: 
M=√((2.8ΣTD)2+(2.5ΣMA)2), where ΣMA needs to be quantified in relation to the image guided 
radiotherapy (IGRT) protocol applied. Note that a component for random uncertainties 
also needs to be added to the margin. Validation of this approach however, falls out of the 
scope of this paper.

Figure 2. Distribution of the local standard deviations quantified for a) the whole group of observers with rms, 
SD, and skewness of 2.2 mm, 1.2 mm and 1.5 respectively. b) Results of institute I-III with rms, SD and skewness of 1.2 
mm, 0.8 mm and 2.60 mm respectively. c) Results of institute IV with rms, SD and skewness of 2.1 mm, 1.3 mm and 
1.9 mm respectively. Note that the distributions in both b) and c) have a smaller rms and SD than in a). The horizontal 
axis is cropped to 6 mm. Small portions of larger local SD were present.
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There are two different sources for target delineation variability. First, different physicians 
could draw deliberately and repeatedly different target volumes, because they have a 
different clinical judgment and treatment intend. Margins should not be used to eliminate 
these differences. Second, physicians could have the same treatment intend, but their target 
delineations are still subject to inter and intra-observer variability. Margins should account 
for this latter source of target delineation variability. Therefore in this study, the delineations 
of Institute IV with consistently larger targets was separately analyzed from those of institutes 
I-III.

At our institute we incorporated target delineation variability into our GTV-PTV margins from 
the early start [13]. Given the excellent 2 year local control of 98%  and the low delineation 
variability found in this study, we recently decreased our GTV-to-PTV margins to 5-7 mm 
depending on the respiratory amplitude [28]. This demonstrates that with our current online 
imaging cone-beam protocol, incorporation of delineation variability does not necessary 
result in large margins. 

Throughout the world excellent local control rates with lung SBRT are being achieved, 
irrespective of advanced 4D and image guidance techniques which were not available yet in 
the late nineties [29]. Although the GTV can be overestimated with 6.6 mm on CT compared 
with pathological specimens [30],  studies investigating microscopic disease extension have 
described microscopic spread up to 2.6 cm from the GTV [30, 31]. Nevertheless, small margins 
of about 5 mm have historically been used, suggesting that potent dose levels associated 

Figure 3. Coverage probability (solid-black) of the contours delineated by observers from institute I-III. The das-
hed-black curve represents the fitted Pimple&Dimple model without inter-patient delineation variability, while an 
improved fit was obtained when including inter-patient delineation variability in the model (dashed-grey curve). As 
a reference the classical rigid body approach is fitted demonstrating a relatively poor fit (solid-grey curve).
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with this treatment may compensate for geometric misses. CTV and PTV margin design for 
ablative prescription doses might therefore be different than for conventional RT doses, 
where tumor control probability and delineation variability in a 3D conformal radiotherapy 
modeling study were significantly associated [32]. However, this study was not designed to 
analyze this and conclusions should be drawn with caution. 

In this study FDG PET/CT imaging was performed, but it was not available for delineation. With 
the implementation of a matched FDG-PET-CT in a study population with stage I-III NSCLC, 
target delineation variability decreased by 6 mm, which was most pronounced in case of 
atelectasis [18]. However, FDG PET has a poor spatial resolution [33]. A 4D PET improves 
registration accuracy between PET and CT-scan in case of large respiratory motion, but is 
technically challenging and not widely implemented yet [34]. Because the contrast between 
small peripheral tumors and normal lung tissue is already quite high, the addition of PET is 
not expected to decrease the delineation variation for peripheral stage I NSCLC.  
We used the Mid-Ventilation planning CT-scan for delineation in this study. Another method 
to generate the target volume is to derive an Internal Target Volume (ITV) from a 4D CT data 
set, either by delineating each separate phase and calculating the composite delineation, or 
by delineating on the maximum intensity projection (MIP). The expanded extensions of the 
tumor in case of a MIP and the inclusion of all delineation outliers in case of the composite 
delineation, may lead to a systemic overestimation of the tumor volume.

Although various papers studied delineation variation in early stage lung cancer [18, 35, 
36], only one paper looked at peripheral early stage lung cancer eligible for SBRT [21]. They 
used 3D CT-scans and differentiated delineation variation in transversal and cranio-caudal 
direction, reporting mean SD values of 1.5 mm and 2.6 mm, respectively. Although not 
directly comparable, our rms SD in all directions was 1.2 mm, which is considerably smaller 
and probably even an underestimation of the difference in delineation variation, because 
they used mean values instead of the rms. This difference could have been caused by the use 
of a Mid-Ventilation planning CT, whereas they used a 3D free breathing planning CT. Persson 
et al. also found a significant correlation between tumor volume and SD in transversal plane, 
but not in cranio-caudal plane [21]. Our data indicated that irregularity was the only significant 
predictor for target delineation variability. Since irregular tumors have larger tumor surfaces, 
it is not surprising that this correlated with target delineation variability. 

There are several ways to evaluate delineation variability. We used statistics of the distances 
between delineated volumes, whereas many publications describe the area of overlap 
between delineated volumes, e.g. conformity index and dice similarity coefficient. Because 
the former is more sensitive to outliers and the latter assigns double value to the degree 
of overlap, these metrics can be quite different within the same cohort [37]. Consequently, 
different overlap measures cannot directly be compared. Another disadvantage of this 
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approach is that they all compare relative volumes instead of absolute distances, and thus 
cannot be directly translated into margins, as done in this paper. 

We would like to emphasize that this study was not designed to develop an optimal GTV 
delineation strategy for several different institutes. Even though every observer used the 
same standardized delineation software and the Mid-Ventilation planning CT was available 
of every patient, there was still a pronounced difference of delineation variation of institute 
I-III versus institute IV, where the latter systematically delineated larger volumes. Institute IV 
has a more conservative approach, where they include spike extensions into the GTV. If this 
degree of variation was noted within a single institution, regular target delineation meetings 
in attendance of a radiologist could decrease the intra-institutional delineation variation. For 
clinical trials, it underlines the importance of a dummy run and training sessions for both 
organs at risk and the GTV, as well as a central review committee to check all delineations. An 
additional delineation variability study using a consensus based GTV delineation atlas could 
be an interesting topic for future research. 

In conclusion, target delineation variability of early stage NSCLC treated with SBRT is 
relatively small with rms values of 1.2-1.8 mm. A GTV-to-PTV margin to account for only this 
uncertainty was 3.4-5.9 mm. How to combine target delineation variability with other sources 
of geometric uncertainties is subject to further study.
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A P P E N D I X  A

Table with tumor characteristics of all patients
Max Diameter=maximum tumor diameter, Tumor locations with RUL=right upper lobe, RML=right middle lobe, 
RLL=right lower lobe, LUL=left upper lobe, LLL=left lower lobe. Respiratory tumor amplitude is given in cranio-caudal 
(CC) direction.

Patient# Max Diameter 
(cm)

T-Stage Location Tumor
Amplitude (cm)

1 1.5 1a RUL 0.9

2 1.4 1a RML 0.4

3 2.3 1b LUL 0.5

4 1.7 1a RUL 0.5

5 5.2 2b RLL 2.0

6 2.1 1b RLL 0.6

7 3.7 2a RUL 0.3

8 2.1 1b LUL 0.2

9 4.0 2a RUL 0.6

10 2.1 1b RUL 0.6

11 1.9 1a RUL 0.4

12 1.2 1a RUL 0.5

13 2.7 1b RLL 1.3

14 4.9 2a LUL 0.3

15 1.1 1a RLL 0.5

16 4.3 2a RUL 0.4

A P P E N D I X  B

Modeling target delineation uncertainty
The margin recipe published by van Herk et al. [1]

M=2.5Σ+0.7σ (1),

was derived for a rigid spherical target and a perfectly conformal dose distribution. For such 
a target, any systematic error moves the target towards a lower dose, leading to a possible 
underdosage in the absence of an adequate margin. For delineation variation, on the other 
hand, a too generous delineation also induces a systematic error but does not lead to a 
target underdosage. Only too small delineations induce a risk of underdosage. Moreover, not 
all points off the delineated surface ‘move’ in perfect correlation to each other, in contrast 
to a rigid body motion. Consequently, margin recipe (1) needs to be revised to account for 
delineation uncertainty.
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McKenzie [2] proposed to divide the delineated  tumor surface (GTV) into a number of 
uncorrelated zones which are permitted to bulge or retract like pimples and dimples with 
a Gaussian distribution of amplitudes (Figure 1). Consequently, a margin should be large 
enough to cover the GTV for all dimples with acceptable probability. Due to the uncorrelated 
perturbations, such margin is larger than a margin to cover a single perturbation. Following 
this pimple-dimple model, the probability P of covering the CTV as a function of the number 
of pimples-dimples N with displacement D (positive identifies an outward displacement) and 
a margin M can be expressed as:

P  (p ≤ M ) = ( ∫ 
∞

G ( r, ΣTD) dr ) N
-M  (2)

in which ΣTD is the standard deviation of the Gaussian distributed pimple-dimple 
displacements G with zero mean. With this equation we can calculate the probability there is 
at least one dimple that is deeper than the margin M.

In Figure 2a, the probability expressed in equation 2 is depicted as a function of the applied 
margin for increasing number of pimples-dimples. It can be observed that for small number 
of N, even a small margin already produces a considerable probability of coverage. For 
increasing N, however, this probability quickly reduces. In Figure 2b, the margin is depicted 
required to obtain a 90% probability of coverage. It can be seen that the slope of the curve 
decreases with increasing N. Moreover, it is shown that a margin of 2.5ΣTD is required for N=17, 
in line with the observations of McKenzie [2].

In order to account for inter patient delineation variation, equation 2 can be extended into:

P ( x ≤ M ) = ∫∞
0 -MΓ ( ΣTD,a,b) (∫∞ G (r, ΣTD ) dr)N d ΣTD  (3),

in which k and θ are the shape and scale parameters of the Gamma probability distribution 
with mean: kθ and SD: θ√k.

The Pimple&Dimple model is fairly simple and consequently has some limitations. First 
of all of it assumes that the distance between pimples and dimples is large compared to 
the required expansion. Otherwise an expansion of one perturbation would influence 
the other. By fitting the model to margin expanded delineations, however, the interaction 
between different perturbations is incorporated implicitly and the model is only sensitive 
to perturbations that have a sufficient distance. Moreover, it assumes that the number of 
pimples and dimples is independent of the size of the lesion. Finally, the model assumes 
delineation to be only stochastic and does not model delineation biases.  
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Figure 1. Illustration of the pimple and dimple perturbation. The left picture depicts a perfectly delineated sphere, 
while on the right the same sphere is perturbed with uncorrelated pimples and dimples. Expanding all possible 
perturbed surfaces with a margin should encompass the original surface completely with acceptable probability.

Figure 2. In a) the probability of coverage is depicted as a function of the margin normalized to the standard devia-
tion of the pimple-dimple amplitude for increasing numbers of pimples-dimples. In b) the margin normalized to the 
standard deviation of the pimple-dimple amplitude required to provide 90% probability of coverage as a function of 
the number of pimples-dimples.
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