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ABSTRACT

Summary: Pvclust is an add-on package for a statistical software R to
assess the uncertainty in hierarchical cluster analysis. Pvclust can be
used easily for general statistical problems, such as DNA microarray
analysis, to perform the bootstrap analysis of clustering, which has been
popular in phylogenetic analysis. Pvclust calculates probability values
(p-values) for each cluster using bootstrap resampling techniques. Two
types of p-values are available: approximately unbiased (AU) p-value
and bootstrap probability (BP) value. Multiscale bootstrap resampling is
used for the calculation of AU p-value, which has superiority in bias over
BP value calculated by the ordinary bootstrap resampling. In addition
the computation time can be enormously decreased with parallel
computing option.

Availability: The program is freely distributed under GNU General
Public License (GPL) and can directly be installed from CRAN (http://
cran.r-project.org/), the official R package archive. The instruction and
program source code are available at http://www.is. titech.ac.jp/~shimo/
prog/pvclust

Contact: ryota.suzuki@is.titech.ac.jp

Cluster analysis is a statistical method which aims to classify several
objects into some groups (clusters) according to similarities
between them. While it has been widely used in many applications
such as DNA microarray analysis, the uncertainty of results caused
by sampling error of data has not generally been evaluated in prac-
tice. Pvclust is an implementation of bootstrap analysis on a sta-
tistical software R to assess the uncertainty in hierarchical cluster
analysis.

The importance of uncertainty assessment has been well-
recognized in phylogenetic analysis. It is a special form of
hierarchical clustering for inferring the history of evolution as a
dendrogram. Thousands of bootstrap samples are generated by
randomly sampling elements of the data, and bootstrap replicates
of the dendrogram are obtained by repeatedly applying the cluster
analysis to them (Efron, 1979; Felsenstein, 1985). The bootstrap
probability (BP) value of a cluster is the frequency that it appears in
the bootstrap replicates. The multiscale bootstrap resampling was
developed recently (Efron et al., 1996; Shimodaira, 2002, 2004)
for calculating approximately unbiased (AU) probability values
(p-values) as implemented in a software CONSEL (Shimodaira
and Hasegawa, 2001).

*To whom correspondence should be addressed.

Although these bootstrap-based approaches are applicable to
broad range of statistical problems, their usage have been limited
since implementations of these methods are focused only on phy-
logenetic analysis. Pvclust is designed for general hierarchical clus-
tering problems, so users can easily obtain bootstrap-based p-values
for their own dataset and preferred clustering method. (Suzuki and
Shimodaira, 2004).

R is ‘a free software environment for statistical computing and
graphics’ (the R project website, http://www.r-project.org/), which
runs on several platforms such as Windows, MacOS and UNIX/
Linux. Several add-on packages are available via CRAN, the
official R package archive.

Package pvclust is included in CRAN packages and can be easily
installed on the fly. Once the package is installed, pvclust can be run
with the command:

library (pvclust)

In R system data are stored in a ‘data object’. For example, to read
a data file data. txt into a data object data, type the following
command:

data < - read.table(’‘data.txt’ ")

The bootstrap analysis is performed by applying the function
pvclust to the object data with the number of bootstrap repli-
cations being B = 10000:

result < - pvclust (data, nboot=10000)

The result is stored in the object result, which can be shown
graphically with the command:

plot (result)

We have applied the above commands to the DNA microarray
data of Garber et al. (2001), and the result is shown in Figure 1. By
default, pvclust performs bootstrapping at K = 10 different data
sizes, and the hierarchical clustering is repeated by K X B times. It
took 430 min on a single processor (Athlon MP 2000+). The parallel
version parPvclust is available with the help of the snow pack-
age (Rossini et al., 2003), an add-on package of R for parallel
computation. It took only 24 min using 20 processors; the speed-up
value is 430/24 = 18, indicating very efficient parallel computing.

It is recommended to use nboot = 1000 (default) for testing at
first, followed by 10000 for smaller errors. To determine an appro-
priate size of B (nboot), standard errors of p-values are helpful.

1540 © The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions @ oxfordjournals.org

220z 1snBny g, uo Jsesn aoisnr Jo Juswpedaq 'S'N Aq 6EEL02/04S L/Z L/2Z/2I0E/SOIBWIONI0I0/WOD"dNO"0|WSpEo.//:SARY WO} PapEojuMoq


http://
http://www.is
http://www.r-project.org/

Pvclust

Cluster dendrogram with AU/BP values (%)

au_bp
85|26
e - 74] 29 .
771
83|27
7014 75 16
© _| 84 |58 73159
o 62|22 A
$8 | 5676162 10099 93|68
Al 3 | 95 [ 95
£ 66 | 45 % 2
o
2 o | o< [B7]58 w0 o9 001100 001100
® o <3 ) 3.5 e 2
T o< 193 | |Ng T 9 & (98] 94 5]
1001100 B 27 23 <8 S S| | 92] 84
= =gee 97 8900><<‘ PN % (I <
}588 08 ol 28 532 | |3, 5 0 e e ||| bolde
< 22l3cc 51933 520 S5 f 25 |1d0 1180 | |
- X 8@ |(PY << S ~Aq~ 5Za0 | 10 —
=) ©©TT XX 20NN 96 | 90 N << < o
I [N c | 1= | &
[} < o i~ D $OD o X 00O ~ 0
00 | 100 5 8Z00|' 'c| |22 & ‘ SOL® &2 9 | o
3 VOH> o] <N X <, NGO [S18) T N 2 o
| 0LIORZ eoc o 1©X8H0 o) No o [10q| |<ee
J | xxggggq:olamm 100l 10¢'1P0 1100 | @@ =®OQ DH 1PES SIOX 055
© | © v—v—U‘Uo‘ooxx A X0 gl XS0 HOX »TO
o | Bl | ) xxz<828 0o [ 32 Q90185 <2 1R b 0B <<
© s | ] SRS el Ble] | x* g S®0] 1do Sodls 5588k
9 o Ao 2N Y% I} < 13 Soy : o oOX9
g F 2 -‘ g 1 85 Bl'\ o Bloo X L [3] a0 50353 g% £< 99
c_ L 100|855 )<§ c’.o’. 020,18 Olo cTRX 82 Ll Xy
Smg 2 339 g £e3e 9833 83 S8gr g BE
o | SEE 8- o4 g 587 08Y 8 B R oS &
o5 XX o KXo Qv & oo @ L2 89
R 3 17%a Do G8ss S8 33 5o
@ 50 ~ 2O X - =
X55552 250 8 | =8 3522 Pfoe X 2% &5
2 <6 &R Gis = = X N NN Y < KX
'_lem kel 8 ™ Q x 88%“ a’-°’-><><
SRELINNGE 2 XXX 82
XX\
N
X

Distance: correlation
Cluster method: average

Fig. 1. Hierarchical clustering of 73 lung tumors. The data are expression pattern of 916 genes of Garber et al. (2001). Values at branches are AU p-values (left),
BP values (right), and cluster labels (bottom). Clusters with AU > 95 are indicated by the rectangles. The fourth rectangle from the rightis a cluster labeled 62 with

AU = 0.99 and BP = 0.96.

Function seplot provides a graphical interface for examining
standard errors, while print gives more detailed information
about p-values in text-based format. See online instruction on
our website for the usage of these facilities.

In the multiscale bootstrap resampling, we intentionally alter the
data size of bootstrap samples to several values. Let N be the
original data size, and N’ be that for bootstrap samples. In the
example of Figure 1, N = 916, and N’ = 458, 549, 641, 732,
824,916, 1007, 1099, 1190 and 1282. For each cluster, an observed
BP value is obtained for each value of N’, and we look at change in
z=—® ' (BP) values, where ® ' () is the inverse function of @ (-),
the standard normal distribution function. For the cluster labeled 62
in Figure 1, the observed BP values are 0.8554, 0.8896, 0.9132,
0.9335, 0.9498, 0.9636, 0.9656, 0.9756, 0.9795 and 0.9859 (Fig. 2).
Then, a theoretical curve z(N') = v\/N'/N + c\/N/N' is fitted to
the observed values, and the coefficients v, ¢ are estimated for each
cluster. The AU p-value is computed by AU = ®(—v + ¢). For the
cluster labeled 62, v = —2.01, ¢ = 0.26, and thus AU = ®(2.01 +
0.26) = ®(2.27) = 0.988, where BP = 0.964 for N = N. An
asymptotic theory proves that the AU p-value is less biased than
the BP value.

Currently only the simplest form of the bootstrapping, i.e. the
non-parametric bootstrap resampling, is implemented in pvclust.
More elaborate models designed for specific applications, such
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Fig. 2. Diagnostic plot of the multiscale bootstrap for the cluster labeled 62.
The observed z-values are plotted for y/N’/N, and the theoretical curve is
obtained by the weighted least squares fitting. This plot is obtained by
command: msplot (result, edges=62). When the curve fitting is
poor, a breakdown of the asymptotic theory may be suspected.
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as that of Kerr and Churchill (2001) for DNA microarray analysis,
should be incorporated into the program in a future work.
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