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Although improving financial access is in the spotlight of the current
U.S. health policy agenda, this alone does not address universal and compre-
hensive healthcare. Affordability is one barrier to healthcare, but others such
as availability and accessibility, together defined as spatial accessibility, are
equally important. In this paper, we develop a measurement and modeling
framework that can be used to infer the impact of policy changes on dispari-
ties in spatial accessibility within and across different population groups. The
underlying model for measuring spatial accessibility is optimization-based
and accounts for constraints in the healthcare delivery system. The measure-
ment method is complemented by statistical modeling and inference on the
impact of various potential contributing factors to disparities in spatial acces-
sibility. The emphasis of this study is on children’s accessibility to primary
care pediatricians, piloted for the state of Georgia. We focus on disparities in
accessibility between and within two populations: children insured by Med-
icaid and other children. We find that disparities in spatial accessibility to
pediatric primary care in Georgia are significant, and resistant to many pol-
icy interventions, suggesting the need for major changes to the structure of
Georgia’s pediatric healthcare provider network.
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RECONSTRUCTING PAST TEMPERATURES FROM NATURAL
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We produce new reconstructions of Northern Hemisphere annually aver-
aged temperature anomalies back to 1000 AD, and explore the effects of in-
cluding external climate forcings within the reconstruction and of accounting
for short-memory and long-memory features. Our reconstructions are based
on two linear models, with the first linking the latent temperature series to
three main external forcings (solar irradiance, greenhouse gas concentration
and volcanism), and the second linking the observed temperature proxy data
(tree rings, sediment record, ice cores, etc.) to the unobserved temperature
series. Uncertainty is captured with additive noise, and a rigorous statisti-
cal investigation of the correlation structure in the regression errors is con-
ducted through systematic comparisons between reconstructions that assume
no memory, short-memory autoregressive models, and long-memory frac-
tional Gaussian noise models.

We use Bayesian estimation to fit the model parameters and to perform
separate reconstructions of land-only and combined land-and-marine tem-
perature anomalies. For model formulations that include forcings, both ex-
ploratory and Bayesian data analysis provide evidence against models with
no memory. Model assessments indicate that models with no memory un-
derestimate uncertainty. However, no single line of evidence is sufficient to
favor short-memory models over long-memory ones, or to favor the oppo-
site choice. When forcings are not included, the long-memory models appear
to be necessary. While including external climate forcings substantially im-
proves the reconstruction, accurate reconstructions that exclude these forc-
ings are vital for testing the fidelity of climate models used for future projec-
tions.

Finally, we use posterior samples of model parameters to arrive at an
estimate of the transient climate response to greenhouse gas forcings of 2.5◦C
(95% credible interval of [2.16, 2.92]◦C), which is on the high end of, but
consistent with, the expert-assessment-based uncertainties given in the recent
Fifth Assessment Report of the IPCC.
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EQUIVALENCE TESTING FOR FUNCTIONAL DATA WITH
AN APPLICATION TO COMPARING PULMONARY

FUNCTION DEVICES

BY COLIN B. FOGARTY AND DYLAN S. SMALL

University of Pennsylvania

Equivalence testing for scalar data has been well addressed in the lit-
erature, however, the same cannot be said for functional data. The resultant
complexity from maintaining the functional structure of the data, rather than
using a scalar transformation to reduce dimensionality, renders the existing
literature on equivalence testing inadequate for the desired inference. We pro-
pose a framework for equivalence testing for functional data within both the
frequentist and Bayesian paradigms. This framework combines extensions
of scalar methodologies with new methodology for functional data. Our fre-
quentist hypothesis test extends the Two One-Sided Testing (TOST) proce-
dure for equivalence testing to the functional regime. We conduct this TOST
procedure through the use of the nonparametric bootstrap. Our Bayesian
methodology employs a functional analysis of variance model, and uses a
flexible class of Gaussian Processes for both modeling our data and as prior
distributions. Through our analysis, we introduce a model for heteroscedastic
variances within a Gaussian Process by modeling variance curves via Log-
Gaussian Process priors. We stress the importance of choosing prior distribu-
tions that are commensurate with the prior state of knowledge and evidence
regarding practical equivalence. We illustrate these testing methods through
data from an ongoing method comparison study between two devices for pul-
monary function testing. In so doing, we provide not only concrete motivation
for equivalence testing for functional data, but also a blueprint for researchers
who hope to conduct similar inference.
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A MULTIPLE FILTER TEST FOR THE DETECTION OF RATE
CHANGES IN RENEWAL PROCESSES WITH VARYING VARIANCE
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and University of Edinburgh‡

Nonstationarity of the event rate is a persistent problem in modeling time
series of events, such as neuronal spike trains. Motivated by a variety of pat-
terns in neurophysiological spike train recordings, we define a general class
of renewal processes. This class is used to test the null hypothesis of station-
ary rate versus a wide alternative of renewal processes with finitely many rate
changes (change points). Our test extends ideas from the filtered derivative
approach by using multiple moving windows simultaneously. To adjust the
rejection threshold of the test, we use a Gaussian process, which emerges
as the limit of the filtered derivative process. We also develop a multiple
filter algorithm, which can be used when the null hypothesis is rejected in
order to estimate the number and location of change points. We analyze the
benefits of multiple filtering and its increased detection probability as com-
pared to a single window approach. Application to spike trains recorded from
dopamine midbrain neurons in anesthetized mice illustrates the relevance of
the proposed techniques as preprocessing steps for methods that assume rate
stationarity. In over 70% of all analyzed spike trains classified as rate nonsta-
tionary, different change points were detected by different window sizes.

REFERENCES

ANTOCH, J. and HUŠKOVÁ, M. (1994). Procedures for the detection of multiple changes in se-
ries of independent observations. In Asymptotic Statistics (Prague, 1993). Contrib. Statist. 3–20.
Physica, Heidelberg. MR1311925

BASSEVILLE, M. and NIKIFOROV, I. V. (1993). Detection of Abrupt Changes: Theory and Applica-
tion. Prentice Hall, Englewood Cliffs, NJ. MR1210954

BENDA, J. and HERZ, A. V. M. (2003). A universal model for spike-frequency adaptation. Neural
Comput. 15 2523–2564.

BERTRAND, P. (2000). A local method for estimating change points: The “hat-function.” Statistics
34 215–235. MR1802728

BERTRAND, P. R., FHIMA, M. and GUILLIN, A. (2011). Off-line detection of multiple change
points by the filtered derivative with p-value method. Sequential Anal. 30 172–207. MR2801138

BILLINGSLEY, P. (1999). Convergence of Probability Measures, 2nd ed. Wiley, New York.
MR1700749

BRODSKY, B. E. and DARKHOVSKY, B. S. (1993). Nonparametric Methods in Change-Point Prob-
lems. Kluwer Academic, Dordrecht. MR1228205

Key words and phrases. Stochastic processes, renewal processes, change point detection, nonsta-
tionary rate, multiple filters, multiple time scales.

http://www.imstat.org/aoas/
http://dx.doi.org/10.1214/14-AOAS782
http://www.imstat.org
http://www.ams.org/mathscinet-getitem?mr=1311925
http://www.ams.org/mathscinet-getitem?mr=1210954
http://www.ams.org/mathscinet-getitem?mr=1802728
http://www.ams.org/mathscinet-getitem?mr=2801138
http://www.ams.org/mathscinet-getitem?mr=1700749
http://www.ams.org/mathscinet-getitem?mr=1228205


BRODY, C. D. (1999). Correlations without synchrony. Neural Comput. 11 1537–1551.
BROWN, E. N., KASS, R. E. and MITRA, P. P. (2004). Multiple neural spike train data analysis:

State-of-the-art and future challenges. Nat. Neurosci. 7 456–461.
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BAYESIAN PROTEIN STRUCTURE ALIGNMENT1

BY ABEL RODRIGUEZ AND SCOTT C. SCHMIDLER

University of California, Santa Cruz and Duke University

The analysis of the three-dimensional structure of proteins is an impor-
tant topic in molecular biochemistry. Structure plays a critical role in defining
the function of proteins and is more strongly conserved than amino acid se-
quence over evolutionary timescales. A key challenge is the identification
and evaluation of structural similarity between proteins; such analysis can
aid in understanding the role of newly discovered proteins and help elucidate
evolutionary relationships between organisms. Computational biologists have
developed many clever algorithmic techniques for comparing protein struc-
tures, however, all are based on heuristic optimization criteria, making statis-
tical interpretation somewhat difficult. Here we present a fully probabilistic
framework for pairwise structural alignment of proteins. Our approach has
several advantages, including the ability to capture alignment uncertainty and
to estimate key “gap” parameters which critically affect the quality of the
alignment. We show that several existing alignment methods arise as maxi-
mum a posteriori estimates under specific choices of prior distributions and
error models. Our probabilistic framework is also easily extended to incorpo-
rate additional information, which we demonstrate by including primary se-
quence information to generate simultaneous sequence–structure alignments
that can resolve ambiguities obtained using structure alone. This combined
model also provides a natural approach for the difficult task of estimating
evolutionary distance based on structural alignments. The model is illustrated
by comparison with well-established methods on several challenging protein
alignment examples.

REFERENCES

ALTSCHUL, S. F., GISH, W., MILLER, W., MYERS, E. W. and LIPMAN, D. J. (1990). Basic local
alignment search tool. J. Mol. Biol. 215 403–410.

BISHOP, M. J. and THOMPSON, E. A. (1986). Maximum likelihood alignment of DNA sequences.
J. Mol. Biol. 190 159–165.

BRONNER, C. E. et al. (1994). Mutation in the DNA mismatch repair gene homologue hMLH1 is
associated with hereditary non-polyposis colon cancer. Nature 368 258–261.

BROWN, N., ORENGO, C. and TAYLOR, W. (1996). A protein structure comparison methodology.
Compational Chemistry 20 359–380.

CHOTHIA, C. and LESK, A. M. (1986). The relation between the divergence of sequence and struc-
ture in proteins. EMBO J. 5 823–826.

COHEN, G. (1997). ALIGN: A program to superimpose protein coordinates, accounting for inser-
tions and deletions. Acta Crystallographica 30 1160–1161.

Key words and phrases. Protein alignment, structure alignment, affine gap, dynamic program-
ming, Procrustes distance.

http://www.imstat.org/aoas/
http://dx.doi.org/10.1214/14-AOAS780
http://www.imstat.org


DAYHOFF, M. and ECK, R., eds. (1968). Atlas of Protein Sequence and Structure 3. National
Biomedical Research Fundation, Silver Spring, MD.

DRYDEN, I. L., HIRST, J. D. and MELVILLE, J. L. (2007). Statistical analysis of unlabeled point
sets: Comparing molecules in chemoinformatics. Biometrics 63 237–251, 315. MR2345594

DRYDEN, I. L. and MARDIA, K. V. (1998). Statistical Shape Analysis. Wiley, Chichester.
MR1646114

DURBIN, R., EDDY, S., KROGH, A. and MITCHISON, G. (1998). Biological Sequence Analysis:
Probabilistic Models of Proteins and Nucleic Acids. Cambridge Univ. Press, Cambridge.

EIDHAMMER, I., JONASSEN, I. and TAYLOR, W. R. (2000). Structure comparison and structure
patterns. J. Comput. Biol. 7 685–716.

FALICOV, A. and COHEN, F. E. (1996). A surface of minimum area metric for the structural com-
parison of proteins. J. Mol. Biol. 258 871–892.

FISCHER, D., WOLFSON, H., LIN, S. and NUSSINOV, R. (1994). Three-dimensional, sequence
order-independent structural comparison of a serine protease against the crystallographic database
reveals active site similaties: Potential implications to evolution and to protein folding. Protein
Sci. 3 768–778.

GELMAN, A. and RUBIN, D. B. (1992). Inference from iterative simulation using multiple se-
quences. Statist. Sci. 7 457–472.

GERSTEIN, M. and LEVITT, M. (1998). Comprehensive assessment of automatic structural align-
ment against a manual standard, the scop classification of proteins. Protein Sci. 7 445–456.

GIBRAT, J.-F., MADEJ, T. and BRYANT, S. (1996). Surprising similarities in structure comparison.
Current Opinion in Structual Biology 6 377–385.

GODZIK, A. (1996). The structural alignment between two proteins: Is there a unique answer? Pro-
tein Eng. 5 1325–1338.

GREEN, P. J. and MARDIA, K. V. (2006). Bayesian alignment using hierarchical models, with ap-
plications in protein bioinformatics. Biometrika 93 235–254. MR2278080

GRISHIN, N. V. (1997). Estimation of evolutionary distances from protein spatial structures. J. Mol.
Evol. 45 359–369.

HENIKOFF, S. and HENIKOFF, J. (1992). Amino acid substituion matrices from protein blocks.
Procedings of National Academy of Science 89 10915–10919.

HOLM, L. and SANDER, C. (1993). Protein structure comparison by alignment of distance matrices.
J. Mol. Biol. 233 123–138.

JOHNSON, M. S., SUTCLIFFE, M. J. and BLUNDELL, T. L. (1990). Molecular anatomy: Phylectic
relationships derived from three-dimensional structures of proteins. J. Mol. Evol. 30 43–59.

KENDALL, D. G., BARDEN, D., CARNE, T. K. and LE, H. (1999). Shape and Shape Theory. Wiley,
Chichester. MR1891212

KENOBI, K. and DRYDEN, I. L. (2012). Bayesian matching of unlabeled point sets using Procrustes
and configuration models. Bayesian Anal. 7 547–565. MR2981627

KOEHL, P. and LEVITT, M. (2002). Sequence variations within protein families are linearly related
to structural variations. J. Mol. Biol. 323 551–562.

KOTLOVYI, V., NICHOLS, W. L. and EYCK, L. F. T. (2003). Protein structural alignment for de-
tection of maximally conserved regions. Biophys. Chem. 105 595–608.

LACKNER, P., KOPPENSTEINER, W. A., SIPPL, M. J. and DOMINGUES, F. S. (2000). ProSup:
A refined tool for protein structure alignment. Protein Eng. 13 745–752.

LEMMEN, C. and LENGAUER, T. (2000). Computational methods for the structural alignment of
molecules. J. Comput.-Aided Mol. Des. 14 215–232.

LEVITT, M. and GERSTEIN, M. (1998). A unified statistical framework for sequence comparison
and structure comparison. Proceedings of the National Academy of Sciencies USA 95 5913–5920.

LIPMAN, D. J. and PEARSON, W. R. (1985). Rapid and sensitive protein similarity searches. Science
227 1435–1441.

http://www.ams.org/mathscinet-getitem?mr=2345594
http://www.ams.org/mathscinet-getitem?mr=1646114
http://www.ams.org/mathscinet-getitem?mr=2278080
http://www.ams.org/mathscinet-getitem?mr=1891212
http://www.ams.org/mathscinet-getitem?mr=2981627


LIU, J. S. and LAWRENCE, C. E. (1999). Bayesian inference on biopolymer models. Bioinformatics
15 38–52.

MIZUGUCHI, K. and GO, N. (1995). Seeking significance in three-dimensional protein structure
comparisons. Curr. Opin. Struck. Biol. 5 377–382.

NEEDLEMAN, S. B. and WUNSCH, C. D. (1970). A general method applicable to the search for
similarities in the amino acid sequence of two proteins. J. Mol. Biol. 48 443–453.

ORTIZ, A. R., STRAUSS, C. E. M. and OLMEA, O. (2002). Mammoth (Matching molecular models
obtained from theory): An automated method for model comparison. Protein Sci. 11 2606–2621.

PAPADOPOULOS, N., NICOLAIDES, N. C., WEI, Y. F., RUBEN, S. M., CARTER, K. C.,
ROSEN, C. A., HASELTINE, W. A., FLEISCHMANN, R. D., FRASER, C. M., ADAMS, M. D.
et al. (1994). Mutation of a mutL homolog in hereditary colon cancer. Science 263 1625–1629.

RAO, S. and ROSSMANN, M. (1973). Comparison of super-secondary structures in proteins. J. Mol.
Biol. 105 241–256.

ROSSMANN, M. and ARGOS, P. (1975). A comparison of heme binding pocket in globins and cy-
tochrombe b5*. J. Biol. Chem. 250 7523–7532.

ROSSMANN, M. and ARGOS, P. (1976). Exploring structural homology in proteins. J. Mol. Biol.
105 75–96.

SATOW, Y., COHEN, G., PADLAN, E. and AVIES, D. (1986). Phosphocholine binding immunoglob-
ulin fab mcpc603: An x-ray diffraction study at 2.7 a. J. Mol. Biol. 190 593–604.

SAUL, L. K. and JORDAN, M. I. (1995). Boltzmann chains and hidden Markov models. In Advances
in Neural Information Processing Systems (NIPS) 7 (G. Tesauro, D. S. Touretzky and T. Leen,
eds.). MIT Press, Cambridge, MA.

SCHMIDLER, S. C. (2003) Statistical shape analysis of protein structure families. In Presentation at
the LASR workshop on Stochastic Geometry, Biological Structure and Images, Leeds, UK.

SCHMIDLER, S. C. (2004). Bayesian shape matching and protein structure alignment. In Presen-
tation at the 6th World Congress of the Bernoulli Society and the 67th Annual Meeting of the
Institute of Mathematical Statistics, Barcelona, Spain.

SCHMIDLER, S. C. (2007a). Fast Bayesian shape matching using geometric algorithms. In Bayesian
Statistics 8 (M. Bernardo, J. Bayarri, J. O. Berger, A. P. Dawid, D. Heckerman, A. F. Smith and
M. West, eds.) 471–490. Oxford Univ. Press, Oxford. MR2433204

SCHMIDLER, S. C. (2007b). Bayesian flexible shape matching with applications to structural bioin-
formatics. Technical report, Dept. Statistical Sciences, Duke Univ., Durham, NC.

SCHMIDLER, S. C., LUCAS, J. E. and OAS, T. G. (2007). Statistical estimation of statistical me-
chanical models: Helix-coil theory and peptide helicity prediction. J. Comput. Biol. 14 1287–
1310. MR2373277

SHINDYALOV, I. N. and BOURNE, P. E. (1998). Protein structure alignment by incremental combi-
natorial extension (CE) of the optimal path. Protein Eng. 11 739–747.

SMALL, C. G. (1996). The Statistical Theory of Shape. Springer, New York. MR1418639
TAYLOR, W. R. (2002). Protein structure comparison using bipartite graph matching and its appli-

cation to protein structure classification. Mol. Cell. Proteomics 1 334–339.
TAYLOR, W. R. and ORENGO, C. A. (1989). Protein structure alignment. J. Mol. Biol. 208 1–22.
THOMPSON, J. D., PLEWNIAK, F. and POCH, O. (1999). BAliBASE: A benchmark alignment

database for the evaluation of multiple alignment programs. Bioinformatics 15 87–88.
THOMPSON, J. D., KOEHL, P., RIPP, R. and POCH, O. (2005). BAliBASE 3.0: Latest developments

of the multiple sequence alignment benchmark. Proteins 61 127–136.
WALLACE, A., LASKOWSI, R. and THORNTON, J. (1996). Tess: A geometric hashing algorithm

for deriving 3d coordinate templates for searching structural databases: Applications to enzyme
active sites. Protein Sci. 6 2308–2323.

WANG, R. and SCHMIDLER, S. C. (2008). Bayesian multiple protein structure alignment and anal-
ysis of protein families. In preparation.

http://www.ams.org/mathscinet-getitem?mr=2433204
http://www.ams.org/mathscinet-getitem?mr=2373277
http://www.ams.org/mathscinet-getitem?mr=1418639


WEBB, B.-J. M., LIU, J. S. and LAWRENCE, C. E. (2002). BALSA: Bayesian algorithm for local
sequence alignment. Nucleic Acids Res. 30 1268–1277.

WOOD, T. C. and PEARSON, W. R. (1999). Evolution of pretein sequences and structures. J. Mol.
Biol. 291 977–995.

WU, T. D., SCHMIDLER, S. C., HASTIE, T. and BRUTLAG, D. L. (1998). Regression analysis of
multiple protein structures. J. Comput. Biol. 5 597–607.

ZHU, J., LIU, J. S. and LAWRENCE, C. E. (1998). Bayesian adaptive sequence alignment algo-
rithms. Bioinformatics 14 25–39.

ZU-KANG, F. and SIPPL, M. (1996). Optimum superimposition of protein structures: Ambiguities
and implications. Fold. Des. 1 123–132.



The Annals of Applied Statistics
2014, Vol. 8, No. 4, 2096–2121
DOI: 10.1214/14-AOAS770
© Institute of Mathematical Statistics, 2014

ISOLATION IN THE CONSTRUCTION OF NATURAL
EXPERIMENTS
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A natural experiment is a type of observational study in which treatment
assignment, though not randomized by the investigator, is plausibly close to
random. A process that assigns treatments in a highly nonrandom, inequitable
manner may, in rare and brief moments, assign aspects of treatments at ran-
dom or nearly so. Isolating those moments and aspects may extract a nat-
ural experiment from a setting in which treatment assignment is otherwise
quite biased, far from random. Isolation is a tool that focuses on those rare,
brief instances, extracting a small natural experiment from otherwise use-
less data. We discuss the theory behind isolation and illustrate its use in a
reanalysis of a well-known study of the effects of fertility on workforce par-
ticipation. Whether a woman becomes pregnant at a certain moment in her
life and whether she brings that pregnancy to term may reflect her aspirations
for family, education and career, the degree of control she exerts over her
fertility, and the quality of her relationship with the father; moreover, these
aspirations and relationships are unlikely to be recorded with precision in
surveys and censuses, and they may confound studies of workforce participa-
tion. However, given that a women is pregnant and will bring the pregnancy
to term, whether she will have twins or a single child is, to a large extent,
simply luck. Given that a woman is pregnant at a certain moment, the dif-
ferential comparison of two types of pregnancies on workforce participation,
twins or a single child, may be close to randomized, not biased by unmea-
sured aspirations. In this comparison, we find in our case study that mothers
of twins had more children but only slightly reduced workforce participation,
approximately 5% less time at work for an additional child.
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GLOBAL ESTIMATION OF CHILD MORTALITY USING
A BAYESIAN B-SPLINE BIAS-REDUCTION MODEL1

BY LEONTINE ALKEMA AND JIN ROU NEW

National University of Singapore

Estimates of the under-five mortality rate (U5MR) are used to track
progress in reducing child mortality and to evaluate countries’ performance
related to Millennium Development Goal 4. However, for the great majority
of developing countries without well-functioning vital registration systems,
estimating the U5MR is challenging due to limited data availability and data
quality issues.

We describe a Bayesian penalized B-spline regression model for assessing
levels and trends in the U5MR for all countries in the world, whereby biases
in data series are estimated through the inclusion of a multilevel model to
improve upon the limitations of current methods. B-spline smoothing param-
eters are also estimated through a multilevel model. Improved spline extrap-
olations are obtained through logarithmic pooling of the posterior predictive
distribution of country-specific changes in spline coefficients with observed
changes on the global level.

The proposed model is able to flexibly capture changes in U5MR over
time, gives point estimates and credible intervals reflecting potential biases
in data series and performs reasonably well in out-of-sample validation ex-
ercises. It has been accepted by the United Nations Inter-agency Group for
Child Mortality Estimation to generate estimates for all member countries.
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IMPUTATION OF TRUNCATED p-VALUES FOR META-ANALYSIS
METHODS AND ITS GENOMIC APPLICATION1

BY SHAOWU TANG∗, YING DING†, ETIENNE SIBILLE‡, JEFFREY S. MOGIL§,
WILLIAM R. LARIVIERE¶ AND GEORGE C. TSENG¶

Roche Molecular Systems, Inc.∗, Pfizer†, University of Torontot‡,
McGill University§ and University of Pittsburgh¶

Microarray analysis to monitor expression activities in thousands of
genes simultaneously has become routine in biomedical research during the
past decade. A tremendous amount of expression profiles are generated and
stored in the public domain and information integration by meta-analysis to
detect differentially expressed (DE) genes has become popular to obtain in-
creased statistical power and validated findings. Methods that aggregate trans-
formed p-value evidence have been widely used in genomic settings, among
which Fisher’s and Stouffer’s methods are the most popular ones. In practice,
raw data and p-values of DE evidence are often not available in genomic stud-
ies that are to be combined. Instead, only the detected DE gene lists under a
certain p-value threshold (e.g., DE genes with p-value < 0.001) are reported
in journal publications. The truncated p-value information makes the afore-
mentioned meta-analysis methods inapplicable and researchers are forced to
apply a less efficient vote counting method or naïvely drop the studies with
incomplete information. The purpose of this paper is to develop effective
meta-analysis methods for such situations with partially censored p-values.
We developed and compared three imputation methods—mean imputation,
single random imputation and multiple imputation—for a general class of
evidence aggregation methods of which Fisher’s and Stouffer’s methods are
special examples. The null distribution of each method was analytically de-
rived and subsequent inference and genomic analysis frameworks were es-
tablished. Simulations were performed to investigate the type I error, power
and the control of false discovery rate (FDR) for (correlated) gene expression
data. The proposed methods were applied to several genomic applications in
colorectal cancer, pain and liquid association analysis of major depressive
disorder (MDD). The results showed that imputation methods outperformed
existing naïve approaches. Mean imputation and multiple imputation meth-
ods performed the best and are recommended for future applications.
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LONGITUDINAL HIGH-DIMENSIONAL PRINCIPAL COMPONENTS
ANALYSIS WITH APPLICATION TO DIFFUSION TENSOR

IMAGING OF MULTIPLE SCLEROSIS

BY VADIM ZIPUNNIKOV∗,1, SONJA GREVEN†,2, HAOCHANG SHOU‡,
BRIAN S. CAFFO∗,1, DANIEL S. REICH§,3 AND CIPRIAN M. CRAINICEANU∗,1

Johns Hopkins University∗, Ludwig-Maximilians-Universität München†,
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We develop a flexible framework for modeling high-dimensional imag-
ing data observed longitudinally. The approach decomposes the observed
variability of repeatedly measured high-dimensional observations into three
additive components: a subject-specific imaging random intercept that quanti-
fies the cross-sectional variability, a subject-specific imaging slope that quan-
tifies the dynamic irreversible deformation over multiple realizations, and
a subject-visit-specific imaging deviation that quantifies exchangeable effects
between visits. The proposed method is very fast, scalable to studies includ-
ing ultrahigh-dimensional data, and can easily be adapted to and executed on
modest computing infrastructures. The method is applied to the longitudinal
analysis of diffusion tensor imaging (DTI) data of the corpus callosum of
multiple sclerosis (MS) subjects. The study includes 176 subjects observed at
466 visits. For each subject and visit the study contains a registered DTI scan
of the corpus callosum at roughly 30,000 voxels.
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A NOVEL SPECTRAL METHOD FOR INFERRING GENERAL
DIPLOID SELECTION FROM TIME SERIES GENETIC DATA

BY MATTHIAS STEINRÜCKEN1,2, ANAND BHASKAR1 AND YUN S. SONG1

University of California, Berkeley

The increased availability of time series genetic variation data from
experimental evolution studies and ancient DNA samples has created new
opportunities to identify genomic regions under selective pressure and to
estimate their associated fitness parameters. However, it is a challenging
problem to compute the likelihood of nonneutral models for the population
allele frequency dynamics, given the observed temporal DNA data. Here,
we develop a novel spectral algorithm to analytically and efficiently inte-
grate over all possible frequency trajectories between consecutive time points.
This advance circumvents the limitations of existing methods which require
fine-tuning the discretization of the population allele frequency space when
numerically approximating requisite integrals. Furthermore, our method is
flexible enough to handle general diploid models of selection where the het-
erozygote and homozygote fitness parameters can take any values, while
previous methods focused on only a few restricted models of selection. We
demonstrate the utility of our method on simulated data and also apply it to
analyze ancient DNA data from genetic loci associated with coat coloration
in horses. In contrast to previous studies, our exploration of the full fitness
parameter space reveals that a heterozygote advantage form of balancing se-
lection may have been acting on these loci.
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SPATIO-TEMPORAL MODELLING OF EXTREME STORMS1
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A flexible spatio-temporal model is implemented to analyse extreme
extra-tropical cyclones objectively identified over the Atlantic and Europe
in 6-hourly re-analyses from 1979–2009. Spatial variation in the extremal
properties of the cyclones is captured using a 150 cell spatial regularisation,
latitude as a covariate, and spatial random effects. The North Atlantic Oscilla-
tion (NAO) is also used as a covariate and is found to have a significant effect
on intensifying extremal storm behaviour, especially over Northern Europe
and the Iberian peninsula. Estimates of lower bounds on minimum sea-level
pressure are typically 10–50 hPa below the minimum values observed for
historical storms with largest differences occurring when the NAO index is
positive.
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Many point process models have been proposed for describing and fore-
casting earthquake occurrences in seismically active zones such as Califor-
nia, but the problem of how best to compare and evaluate the goodness of fit
of such models remains open. Existing techniques typically suffer from low
power, especially when used for models with very volatile conditional inten-
sities such as those used to describe earthquake clusters. This paper proposes
a new residual analysis method for spatial or spatial–temporal point processes
involving inspecting the differences between the modeled conditional inten-
sity and the observed number of points over the Voronoi cells generated by
the observations. The resulting residuals can be used to construct diagnostic
methods of greater statistical power than residuals based on rectangular grids.

Following an evaluation of performance using simulated data, the sug-
gested method is used to compare the Epidemic-Type Aftershock Sequence
(ETAS) model to the Hector Mine earthquake catalog. The proposed resid-
uals indicate that the ETAS model with uniform background rate appears to
slightly but systematically underpredict seismicity along the fault and to over-
predict seismicity in along the periphery of the fault.
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LONGITUDINAL MIXED MEMBERSHIP TRAJECTORY MODELS
FOR DISABILITY SURVEY DATA1

BY DANIEL MANRIQUE-VALLIER

Indiana University

We develop methods for analyzing discrete multivariate longitudinal data
and apply them to functional disability data on the U.S. elderly population
from the National Long Term Care Survey (NLTCS), 1982–2004. Our mod-
els build on a Mixed Membership framework, in which individuals are al-
lowed multiple membership on a set of extreme profiles characterized by
time-dependent trajectories of progression into disability. We also develop
an extension that allows us to incorporate birth-cohort effects, in order to as-
sess inter-generational changes. Applying these methods, we find that most
individuals follow trajectories that imply a late onset of disability, and that
younger cohorts tend to develop disabilities at a later stage in life compared
to their elders.

REFERENCES

AIROLDI, E. M., FIENBERG, S. E., JOUTARD, C. and LOVE, T. M. (2007). Discovering latent
patterns with hierarchical Bayesian mixed-membership models. In Data Mining Patterns: New
Methods and Applications (P. Poncelet, F. Masseglia and M. Teisseire, eds.) 240–275. Idea Group
Inc., Hershey, PA.

AIROLDI, E. M., BLEI, D. M., FIENBERG, S. E. and XING, E. P. (2008). Mixed membership
stochastic blockmodels. J. Mach. Learn. Res. 9 1981–2014.

AIROLDI, E. M., EROSHEVA, E. A., FIENBERG, S. E., JOUTARD, C., LOVE, T. and
SHRINGARPURE, S. (2010). Reconceptualizing the classification of PNAS articles. Proc. Natl.
Acad. Sci. USA 107 20899–20904.

AKAIKE, H. (1973). Information theory and an extension of the maximum likelihood principle. In
Second International Symposium on Information Theory 267–281. Akademiai Kiado, Budapest.

BERTOLET, M. (2008). To weight or not to weight? Incorporating sampling designs into model-
based analyses. Ph.D. thesis, Dept. Statistics, Carnegie Mellon Univ., Pittsburgh, PA.

BHATTACHARYA, A. and DUNSON, D. B. (2012). Simplex factor models for multivariate unordered
categorical data. J. Amer. Statist. Assoc. 107 362–377. MR2949366

CLARK, R. F. (1998). An introduction to the National Long-Term Care Survey. Office of Disability,
Aging, and Long-Term Care Policy with the U.S. Dept. Health and Human Services. Available at
http://aspe.hhs.gov/daltcp/reports/nltcssu2.htm.

CONNOR, J. T. (2006). Multivariate mixture models to describe longitudinal patterns of frailty in
American seniors. Ph.D. thesis, Dept. Statistics & H. John Heinz III School of Public Policy &
Management, Carnegie Mellon Univ., Pittsburgh, PA.

CONNOR, J. T., FIENBERG, S. E., EROSHEVA, E. A. and WHITE, T. (2006). Towards a restructur-
ing of the National Long Term Care Survey: A longitudinal perspective. Prepared for presenta-
tion at an Expert Panel Meeting on the National Long Term Care Survey, Committee on National
Statistics, National Research Council.

Key words and phrases. NLTCS, Mixed Membership, trajectories, multivariate analysis, MCMC,
cohort analysis.

http://www.imstat.org/aoas/
http://dx.doi.org/10.1214/14-AOAS769
http://www.imstat.org
http://www.ams.org/mathscinet-getitem?mr=2949366
http://aspe.hhs.gov/daltcp/reports/nltcssu2.htm


CORDER, L. S. and MANTON, K. G. (1991). National surveys and the health and functioning of the
elderly: The effects of design and content. J. Amer. Statist. Assoc. 86 513–525.

EROSHEVA, E. A. (2002). Grade of membership and latent structures with application to disability
survey data. Ph.D. thesis, Dept. Statistics, Carnegie Mellon Univ., Pittsburgh, PA.

EROSHEVA, E. A. and FIENBERG, S. E. (2005). Bayesian mixed membership models for soft clus-
tering and classification. In Classification—The Ubiquitous Challenge (C. Weihs and W. Gaul,
eds.) 11–26. Springer, Berlin.

EROSHEVA, E. A., FIENBERG, S. E. and JOUTARD, C. (2007). Describing disability through
individual-level mixture models for multivariate binary data. Ann. Appl. Stat. 1 502–537.
MR2415745

EROSHEVA, E. A., FIENBERG, S. E. and LAFFERTY, J. D. (2004). Mixed-membership models of
scientific publications. Proc. Natl. Acad. Sci. USA 101 5220–5227.

FERRUCCI, L., GURALNIK, J. M., SIMONSICK, E., SALIVE, M. E., CORTI, C. and LANGLOIS, J.
(1996). Progressive versus catastrophic disability: A longitudinal view of the disablement process.
The Journals of Gerontology: Series A 51 M123.

GOODMAN, L. A. (1974). Exploratory latent structure analysis using both identifiable and unidenti-
fiable models. Biometrika 61 215–231. MR0370936

HASTIE, T., TIBSHIRANI, R. and FRIEDMAN, J. (2009). The Elements of Statistical Learning: Data
Mining, Inference, and Prediction, 2nd ed. Springer, New York. MR2722294

JASRA, A., HOLMES, C. C. and STEPHENS, D. A. (2005). Markov chain Monte Carlo methods and
the label switching problem in Bayesian mixture modeling. Statist. Sci. 20 50–67. MR2182987

KREUTER, F. and MUTHÉN, B. (2008). Analyzing criminal trajectory profiles: Bridging multilevel
and group-based approaches using growth mixture modeling. J. Quant. Criminol. 24 1–31.

KURLAND, B. F. and HEAGERTY, P. J. (2005). Directly parameterized regression conditioning on
being alive: Analysis of longitudinal data truncated by deaths. Biostatistics 6 241–258.

KURLAND, B. F., JOHNSON, L. L., EGLESTON, B. L. and DIEHR, P. H. (2009). Longitudinal data
with follow-up truncated by death: Match the analysis method to research aims. Statist. Sci. 24
211–222. MR2655850

MANRIQUE-VALLIER, D. (2014). Mixed membership trajectory models. In Handbook on Mixed
Membership Models (E. M. Airoldi, D. M. Blei, E. A. Erosheva and S. E. Fienberg, eds.). Chap-
man & Hall/CRC, London.

MANRIQUE-VALLIER, D. (2014). Supplement to “Longitudinal Mixed Membership trajectory mod-
els for disability survey data.” DOI:10.1214/14-AOAS769SUPP.

MANRIQUE-VALLIER, D. and FIENBERG, S. E. (2008). Population size estimation using individual
level mixture models. Biom. J. 50 1051–1063. MR2649394

MANTON, K. G. (2008). Recent declines in chronic disability in the elderly U.S. population: Risk
factors and future dynamics. Annu. Rev. Public Health 29 91–113.

MANTON, K. G., CORDER, L. and STALLARD, E. (1997). Chronic disability trends in elderly
United States populations: 1982–1994. Proc. Natl. Acad. Sci. USA 94 2593–2598.

MANTON, K. G., GU, X. L. and LAMB, V. L. (2006). Change in chronic disability from 1982 to
2004/2005 as measured by long-term changes in function and health in the US elderly population.
Proc. Natl. Acad. Sci. USA 103 18374.

MANTON, K. G., LAMB, V. L. and GU, X. (2007). Medicare cost effects of recent US disability
trends in the elderly future implications. J. Aging Health 19 359–381.

MANTON, K. G., STALLARD, E. and WOODBURY, M. A. (1991). A multivariate event history
model based upon fuzzy states: Estimation from longitudinal surveys with informative nonre-
sponse. J. Off. Stat. 7 261–293.

NAGIN, D. S. (1999). Analyzing developmental trajectories: A semiparametric, group-based ap-
proach. Psychol. Methods 4 139–157.

http://www.ams.org/mathscinet-getitem?mr=2415745
http://www.ams.org/mathscinet-getitem?mr=0370936
http://www.ams.org/mathscinet-getitem?mr=2722294
http://www.ams.org/mathscinet-getitem?mr=2182987
http://www.ams.org/mathscinet-getitem?mr=2655850
http://dx.doi.org/10.1214/14-AOAS769SUPP
http://www.ams.org/mathscinet-getitem?mr=2649394


RAFTERY, A. E., NEWTON, M. A., SATAGOPAN, J. M. and KRIVITSKY, P. N. (2007). Estimating
the integrated likelihood via posterior simulation using the harmonic mean identity. In Bayesian
Statistics (J. M. Bernardo, M. J. Bayarri, J. O. Berger, A. P. Dawid, D. Heckerman, A. F. M. Smith
and M. West, eds.). Oxford Sci. Publ. 8 371–416. Oxford Univ. Press, Oxford. MR2433201

SCHWARZ, G. (1978). Estimating the dimension of a model. Ann. Statist. 6 461–464. MR0468014
SPIEGELHALTER, D. J., BEST, N. G., CARLIN, B. P. and VAN DER LINDE, A. (2002). Bayesian

measures of model complexity and fit. J. R. Stat. Soc. Ser. B Stat. Methodol. 64 583–639.
MR1979380

STALLARD, E. (2005). Trajectories of morbidity, disability, and mortality among the US elderly
population: Evidence from the 1984–1999 NLTCS. N. Amer. Actuar. J. 11 16–53.

TANNER, M. A. (1996). Tools for Statistical Inference: Methods for the Exploration of Posterior
Distributions and Likelihood Functions, 3rd ed. Springer, New York. MR1396311

WHITE, T. A. and EROSHEVA, E. A. (2013). Using group-based latent class transition models to
analyze chronic disability data from the National Long-Term Care Survey 1984–2004. Stat. Med.
32 3569–3589. MR3092251

WOODBURY, M. A., CLIVE, J. and GARSON, A. JR. (1978). Mathematical typology: A grade of
membership technique for obtaining disease definition. Comput. Biomed. Res. 11 277–98.

XING, E. P., FU, W. and SONG, L. (2010). A state-space mixed membership blockmodel for dy-
namic network tomography. Ann. Appl. Stat. 4 535–566. MR2758639

http://www.ams.org/mathscinet-getitem?mr=2433201
http://www.ams.org/mathscinet-getitem?mr=0468014
http://www.ams.org/mathscinet-getitem?mr=1979380
http://www.ams.org/mathscinet-getitem?mr=1396311
http://www.ams.org/mathscinet-getitem?mr=3092251
http://www.ams.org/mathscinet-getitem?mr=2758639


The Annals of Applied Statistics
2014, Vol. 8, No. 4, 2292–2318
DOI: 10.1214/14-AOAS771
© Institute of Mathematical Statistics, 2014

A FAST ALGORITHM FOR DETECTING GENE–GENE
INTERACTIONS IN GENOME-WIDE ASSOCIATION STUDIES

BY JIAHAN LI∗, WEI ZHONG†,1, RUNZE LI‡,2 AND RONGLING WU‡

University of Notre Dame∗, Xiamen University†

and Pennsylvania State University‡

With the recent advent of high-throughput genotyping techniques, ge-
netic data for genome-wide association studies (GWAS) have become in-
creasingly available, which entails the development of efficient and effective
statistical approaches. Although many such approaches have been developed
and used to identify single-nucleotide polymorphisms (SNPs) that are asso-
ciated with complex traits or diseases, few are able to detect gene–gene inter-
actions among different SNPs. Genetic interactions, also known as epistasis,
have been recognized to play a pivotal role in contributing to the genetic vari-
ation of phenotypic traits. However, because of an extremely large number
of SNP–SNP combinations in GWAS, the model dimensionality can quickly
become so overwhelming that no prevailing variable selection methods are
capable of handling this problem. In this paper, we present a statistical frame-
work for characterizing main genetic effects and epistatic interactions in a
GWAS study. Specifically, we first propose a two-stage sure independence
screening (TS-SIS) procedure and generate a pool of candidate SNPs and in-
teractions, which serve as predictors to explain and predict the phenotypes
of a complex trait. We also propose a rates adjusted thresholding estimation
(RATE) approach to determine the size of the reduced model selected by an
independence screening. Regularization regression methods, such as LASSO
or SCAD, are then applied to further identify important genetic effects. Sim-
ulation studies show that the TS-SIS procedure is computationally efficient
and has an outstanding finite sample performance in selecting potential SNPs
as well as gene–gene interactions. We apply the proposed framework to an-
alyze an ultrahigh-dimensional GWAS data set from the Framingham Heart
Study, and select 23 active SNPs and 24 active epistatic interactions for the
body mass index variation. It shows the capability of our procedure to resolve
the complexity of genetic control.
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Expert opinion plays an important role when selecting promising clusters
of chemical compounds in the drug discovery process. We propose a method
to quantify these qualitative assessments using hierarchical models. However,
with the most commonly available computing resources, the high dimension-
ality of the vectors of fixed effects and correlated responses renders maximum
likelihood unfeasible in this scenario. We devise a reliable procedure to tackle
this problem and show, using theoretical arguments and simulations, that the
new methodology compares favorably with maximum likelihood, when the
latter option is available. The approach was motivated by a case study, which
we present and analyze.
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Predictive or treatment selection biomarkers are usually evaluated in
a subgroup or regression analysis with focus on the treatment-by-marker in-
teraction. Under a potential outcome framework (Huang, Gilbert and Janes
[Biometrics 68 (2012) 687–696]), a predictive biomarker is considered a
predictor for a desirable treatment benefit (defined by comparing potential
outcomes for different treatments) and evaluated using familiar concepts in
prediction and classification. However, the desired treatment benefit is un-
observable because each patient can receive only one treatment in a typi-
cal study. Huang et al. overcome this problem by assuming monotonicity
of potential outcomes, with one treatment dominating the other in all pa-
tients. Motivated by an HIV example that appears to violate the monotonicity
assumption, we propose a different approach based on covariates and ran-
dom effects for evaluating predictive biomarkers under the potential outcome
framework. Under the proposed approach, the parameters of interest can be
identified by assuming conditional independence of potential outcomes given
observed covariates, and a sensitivity analysis can be performed by incor-
porating an unobserved random effect that accounts for any residual depen-
dence. Application of this approach to the motivating example shows that
baseline viral load and CD4 cell count are both useful as predictive biomark-
ers for choosing antiretroviral drugs for treatment-naive patients.
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EVALUATING EPOETIN DOSING STRATEGIES USING
OBSERVATIONAL LONGITUDINAL DATA

BY CECILIA A. COTTON1 AND PATRICK J. HEAGERTY2
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Epoetin is commonly used to treat anemia in chronic kidney disease and
End Stage Renal Disease subjects undergoing dialysis, however, there is con-
siderable uncertainty about what level of hemoglobin or hematocrit should
be targeted in these subjects. In order to address this question, we treat epo-
etin dosing guidelines as a type of dynamic treatment regimen. Specifically,
we present a methodology for comparing the effects of alternative treatment
regimens on survival using observational data. In randomized trials patients
can be assigned to follow a specific management guideline, but in observa-
tional studies subjects can have treatment paths that appear to be adherent to
multiple regimens at the same time. We present a cloning strategy in which
each subject contributes follow-up data to each treatment regimen to which
they are continuously adherent and artificially censored at first nonadherence.
We detail an inverse probability weighted log-rank test with a valid asymp-
totic variance estimate that can be used to test survival distributions under
two regimens. To compare multiple regimens, we propose several marginal
structural Cox proportional hazards models with robust variance estimation
to account for the creation of clones. The methods are illustrated through sim-
ulations and applied to an analysis comparing epoetin dosing regimens in a
cohort of 33,873 adult hemodialysis patients from the United States Renal
Data System.
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SYNTHESISING EVIDENCE TO ESTIMATE PANDEMIC (2009)
A/H1N1 INFLUENZA SEVERITY IN 2009–20111
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Knowledge of the severity of an influenza outbreak is crucial for inform-
ing and monitoring appropriate public health responses, both during and af-
ter an epidemic. However, case-fatality, case-intensive care admission and
case-hospitalisation risks are difficult to measure directly. Bayesian evidence
synthesis methods have previously been employed to combine fragmented,
under-ascertained and biased surveillance data coherently and consistently,
to estimate case-severity risks in the first two waves of the 2009 A/H1N1
influenza pandemic experienced in England. We present in detail the com-
plex probabilistic model underlying this evidence synthesis, and extend the
analysis to also estimate severity in the third wave of the pandemic strain
during the 2010/2011 influenza season. We adapt the model to account for
changes in the surveillance data available over the three waves. We consider
two approaches: (a) a two-stage approach using posterior distributions from
the model for the first two waves to inform priors for the third wave model;
and (b) a one-stage approach modelling all three waves simultaneously. Both
approaches result in the same key conclusions: (1) that the age-distribution
of the case-severity risks is “u”-shaped, with children and older adults having
the highest severity; (2) that the age-distribution of the infection attack rate
changes over waves, school-age children being most affected in the first two
waves and the attack rate in adults over 25 increasing from the second to third
waves; and (3) that when averaged over all age groups, case-severity appears
to increase over the three waves. The extent to which the final conclusion is
driven by the change in age-distribution of those infected over time is subject
to discussion.
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DETECTING DUPLICATES IN A HOMICIDE REGISTRY USING
A BAYESIAN PARTITIONING APPROACH1

BY MAURICIO SADINLE

Carnegie Mellon University

Finding duplicates in homicide registries is an important step in keeping
an accurate account of lethal violence. This task is not trivial when unique
identifiers of the individuals are not available, and it is especially challenging
when records are subject to errors and missing values. Traditional approaches
to duplicate detection output independent decisions on the coreference status
of each pair of records, which often leads to nontransitive decisions that have
to be reconciled in some ad-hoc fashion. The task of finding duplicate records
in a data file can be alternatively posed as partitioning the data file into groups
of coreferent records. We present an approach that targets this partition of the
file as the parameter of interest, thereby ensuring transitive decisions. Our
Bayesian implementation allows us to incorporate prior information on the
reliability of the fields in the data file, which is especially useful when no
training data are available, and it also provides a proper account of the un-
certainty in the duplicate detection decisions. We present a study to detect
killings that were reported multiple times to the United Nations Truth Com-
mission for El Salvador.
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While functional regression models have received increasing attention
recently, most existing approaches assume both a linear relationship and a
scalar response variable. We suggest a new method, “Functional Response
Additive Model Estimation” (FRAME), which extends the usual linear re-
gression model to situations involving both functional predictors, Xj (t),
scalar predictors, Zk , and functional responses, Y (s). Our approach uses a pe-
nalized least squares optimization criterion to automatically perform variable
selection in situations involving multiple functional and scalar predictors. In
addition, our method uses an efficient coordinate descent algorithm to fit gen-
eral nonlinear additive relationships between the predictors and response.

We develop our model for novel forecasting challenges in the entertain-
ment industry. In particular, we set out to model the decay rate of demand for
Hollywood movies using the predictive power of online virtual stock markets
(VSMs). VSMs are online communities that, in a market-like fashion, gather
the crowds’ prediction about demand for a particular product. Our fully func-
tional model captures the pattern of pre-release VSM trading prices and pro-
vides superior predictive accuracy of a movie’s post-release demand in com-
parison to traditional methods. In addition, we propose graphical tools which
give a glimpse into the causal relationship between market behavior and box
office revenue patterns, and hence provide valuable insight to movie decision
makers.

REFERENCES

BAR-JOSEPH, Z., GERBER, G. K., GIFFORD, D. K., JAAKKOLA, T. S. and SIMON, I. (2003).
Continuous representations of time-series gene expression data. J. Comput. Biol. 10 341–356.

BASS, F. M., GORDON, K., FERGUSON, T. L. and GITH, M. L. (2001). DIRECTV: Forecasting
diffusion of a new technology prior to product launch. Interfaces 31 S82–S93.

CHEN, D., HALL, P. and MÜLLER, H.-G. (2011). Single and multiple index functional regression
models with nonparametric link. Ann. Statist. 39 1720–1747. MR2850218

CRAINICEANU, C., CAFFO, B. and MORRIS, J. (2011). Multilevel functional data analysis. In The
SAGE Handbook of Multilevel Modeling. SAGE, Thousand Oaks, CA.

DI, C.-Z., CRAINICEANU, C. M., CAFFO, B. S. and PUNJABI, N. M. (2009). Multilevel functional
principal component analysis. Ann. Appl. Stat. 3 458–488. MR2668715

EINAV, L. (2007). Seasonality in the U.S. motion picture industry. Rand J. Econ. 38 127–145.

Key words and phrases. Functional data, nonlinear regression, penalty functions, forecasting, vir-
tual markets, movies, Hollywood.

http://www.imstat.org/aoas/
http://dx.doi.org/10.1214/14-AOAS781
http://www.imstat.org
http://www.ams.org/mathscinet-getitem?mr=2850218
http://www.ams.org/mathscinet-getitem?mr=2668715


EINAV, L. (2010). Not all rivals look alike: Estimating an equilibrium model of the release date
timing game. Econ. Inq. 48 369–390.

ELIASHBERG, J., ELBERSE, A. and LEENDERS, M. (2006). The motion picture industry: Critical
issues in practice, current research, and new research directions. Mark. Sci. 25 638–661.

FAN, Y., JAMES, G. and RADCHENKO, P. (2014). Functional additive regression. Under review.
FERRATY, F. and VIEU, P. (2002). The functional nonparametric model and application to spectro-

metric data. Comput. Statist. 17 545–564. MR1952697
FERRATY, F. and VIEU, P. (2003). Curves discrimination: A nonparametric functional approach.

Comput. Statist. Data Anal. 44 161–173. MR2020144
FOUTZ, N. and JANK, W. (2010). Pre-release demand forecasting for motion pictures using func-

tional shape analysis of virtual stock markets. Mark. Sci. 29 568–579.
HASTIE, T., TIBSHIRANI, R. and FRIEDMAN, J. (2001). The Elements of Statistical Learning.

Springer, New York. MR1851606
JAMES, G. M. and HASTIE, T. J. (2001). Functional linear discriminant analysis for irregularly

sampled curves. J. R. Stat. Soc. Ser. B Stat. Methodol. 63 533–550. MR1858401
JAMES, G. M., HASTIE, T. J. and SUGAR, C. A. (2000). Principal component models for sparse

functional data. Biometrika 87 587–602. MR1789811
JAMES, G. M. and SILVERMAN, B. W. (2005). Functional adaptive model estimation. J. Amer.

Statist. Assoc. 100 565–576. MR2160560
JAMES, G. M. and SUGAR, C. A. (2003). Clustering for sparsely sampled functional data. J. Amer.

Statist. Assoc. 98 397–408. MR1995716
JANK, W. and SHMUELI, G. (2006). Functional data analysis in electronic commerce research.

Statist. Sci. 21 155–166. MR2324075
RAMSAY, J. O. and SILVERMAN, B. W. (2005). Functional Data Analysis, 2nd ed. Springer, New

York. MR2168993
RAVIKUMAR, P., LAFFERTY, J., LIU, H. and WASSERMAN, L. (2009). Sparse additive models. J. R.

Stat. Soc. Ser. B Stat. Methodol. 71 1009–1030. MR2750255
RICE, J. A. and WU, C. O. (2001). Nonparametric mixed effects models for unequally sampled

noisy curves. Biometrics 57 253–259. MR1833314
SAWHNEY, M. S. and ELIASHBERG, J. (1996). A parsimonious model for forecasting gross box

office revenues of motion pictures. Mark. Sci. 15 113–131.
SIMON, N., FRIEDMAN, J., HASTIE, T. and TIBSHIRANI, R. (2013). A sparse-group lasso. J. Com-

put. Graph. Statist. 22 231–245. MR3173712
SPANN, M. and SKIERA, B. (2003). Internet-based virtual stock markets for business forecasting.

Manage. Sci. 49 1310–1326.
TIBSHIRANI, R. (1996). Regression shrinkage and selection via the lasso. J. Roy. Statist. Soc. Ser. B

58 267–288. MR1379242
YAO, F., MÜLLER, H.-G. and WANG, J.-L. (2005a). Functional linear regression analysis for lon-

gitudinal data. Ann. Statist. 33 2873–2903. MR2253106
YAO, F., MÜLLER, H.-G. and WANG, J.-L. (2005b). Functional data analysis for sparse longitudinal

data. J. Amer. Statist. Assoc. 100 577–590. MR2160561
YUAN, M. and LIN, Y. (2006). Model selection and estimation in regression with grouped variables.

J. R. Stat. Soc. Ser. B Stat. Methodol. 68 49–67. MR2212574
ZEGER, S. L. and DIGGLE, P. J. (1994). Semiparametric models for longitudinal data with applica-

tions to CD4 cell numbers in HIV seroconverters. Biometrics 50 689–699.
ZHANG, S., JANK, W. and SHMUELI, G. (2010). Real-time forecasting of online auctions via func-

tional k-nearest neighbors. Int. J. Forecast. 26 666–683.
ZOU, H. and LI, R. (2008). One-step sparse estimates in nonconcave penalized likelihood models.

Ann. Statist. 36 1509–1533. MR2435443

http://www.ams.org/mathscinet-getitem?mr=1952697
http://www.ams.org/mathscinet-getitem?mr=2020144
http://www.ams.org/mathscinet-getitem?mr=1851606
http://www.ams.org/mathscinet-getitem?mr=1858401
http://www.ams.org/mathscinet-getitem?mr=1789811
http://www.ams.org/mathscinet-getitem?mr=2160560
http://www.ams.org/mathscinet-getitem?mr=1995716
http://www.ams.org/mathscinet-getitem?mr=2324075
http://www.ams.org/mathscinet-getitem?mr=2168993
http://www.ams.org/mathscinet-getitem?mr=2750255
http://www.ams.org/mathscinet-getitem?mr=1833314
http://www.ams.org/mathscinet-getitem?mr=3173712
http://www.ams.org/mathscinet-getitem?mr=1379242
http://www.ams.org/mathscinet-getitem?mr=2253106
http://www.ams.org/mathscinet-getitem?mr=2160561
http://www.ams.org/mathscinet-getitem?mr=2212574
http://www.ams.org/mathscinet-getitem?mr=2435443


The Annals of Applied Statistics
2014, Vol. 8, No. 4, 2461–2484
DOI: 10.1214/14-AOAS783
In the Public Domain

PROBIT MODELS FOR CAPTURE–RECAPTURE DATA SUBJECT
TO IMPERFECT DETECTION, INDIVIDUAL HETEROGENEITY
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As noninvasive sampling techniques for animal populations have be-
come more popular, there has been increasing interest in the development
of capture–recapture models that can accommodate both imperfect detection
and misidentification of individuals (e.g., due to genotyping error). How-
ever, current methods do not allow for individual variation in parameters,
such as detection or survival probability. Here we develop misidentification
models for capture–recapture data that can simultaneously account for tem-
poral variation, behavioral effects and individual heterogeneity in parame-
ters. To facilitate Bayesian inference using our approach, we extend standard
probit regression techniques to latent multinomial models where the dimen-
sion and zeros of the response cannot be observed. We also present a novel
Metropolis–Hastings within Gibbs algorithm for fitting these models using
Markov chain Monte Carlo. Using closed population abundance models for
illustration, we re-visit a DNA capture–recapture population study of black
bears in Michigan, USA and find evidence of misidentification due to geno-
typing error, as well as temporal, behavioral and individual variation in de-
tection probability. We also estimate a salamander population of known size
from laboratory experiments evaluating the effectiveness of a marking tech-
nique commonly used for amphibians and fish. Our model was able to reli-
ably estimate the size of this population and provided evidence of individual
heterogeneity in misidentification probability that is attributable to variable
mark quality. Our approach is more computationally demanding than previ-
ously proposed methods, but it provides the flexibility necessary for a much
broader suite of models to be explored while properly accounting for uncer-
tainty introduced by misidentification and imperfect detection. In the absence
of misidentification, our probit formulation also provides a convenient and ef-
ficient Gibbs sampler for Bayesian analysis of traditional closed population
capture–recapture data.
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DO DEBIT CARDS INCREASE HOUSEHOLD SPENDING?
EVIDENCE FROM A SEMIPARAMETRIC CAUSAL

ANALYSIS OF A SURVEY

BY ANDREA MERCATANTI1 AND FAN LI2

Bank of Italy and Duke University

Motivated by recent findings in the field of consumer science, this pa-
per evaluates the causal effect of debit cards on household consumption us-
ing population-based data from the Italy Survey on Household Income and
Wealth (SHIW). Within the Rubin Causal Model, we focus on the estimand
of population average treatment effect for the treated (PATT). We consider
three existing estimators, based on regression, mixed matching and regres-
sion, propensity score weighting, and propose a new doubly-robust estima-
tor. Semiparametric specification based on power series for the potential out-
comes and the propensity score is adopted. Cross-validation is used to select
the order of the power series. We conduct a simulation study to compare
the performance of the estimators. The key assumptions, overlap and uncon-
foundedness, are systematically assessed and validated in the application. Our
empirical results suggest statistically significant positive effects of debit cards
on the monthly household spending in Italy.
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REDUCED-RANK SPATIO-TEMPORAL MODELING OF AIR
POLLUTION CONCENTRATIONS IN THE MULTI-ETHNIC STUDY

OF ATHEROSCLEROSIS AND AIR POLLUTION1

BY CASEY OLIVES∗, LIANNE SHEPPARD∗, JOHAN LINDSTRÖM†,
PAUL D. SAMPSON∗, JOEL D. KAUFMAN∗ AND ADAM A. SZPIRO∗

University of Washington∗ and Lund University†

There is growing evidence in the epidemiologic literature of the relation-
ship between air pollution and adverse health outcomes. Prediction of indi-
vidual air pollution exposure in the Environmental Protection Agency (EPA)
funded Multi-Ethnic Study of Atheroscelerosis and Air Pollution (MESA
Air) study relies on a flexible spatio-temporal prediction model that integrates
land-use regression with kriging to account for spatial dependence in pollu-
tant concentrations. Temporal variability is captured using temporal trends
estimated via modified singular value decomposition and temporally varying
spatial residuals. This model utilizes monitoring data from existing regulatory
networks and supplementary MESA Air monitoring data to predict concen-
trations for individual cohort members.

In general, spatio-temporal models are limited in their efficacy for large
data sets due to computational intractability. We develop reduced-rank ver-
sions of the MESA Air spatio-temporal model. To do so, we apply low-rank
kriging to account for spatial variation in the mean process and discuss the
limitations of this approach. As an alternative, we represent spatial variation
using thin plate regression splines. We compare the performance of the out-
lined models using EPA and MESA Air monitoring data for predicting con-
centrations of oxides of nitrogen (NOx )—a pollutant of primary interest in
MESA Air—in the Los Angeles metropolitan area via cross-validated R2.

Our findings suggest that use of reduced-rank models can improve compu-
tational efficiency in certain cases. Low-rank kriging and thin plate regression
splines were competitive across the formulations considered, although TPRS
appeared to be more robust in some settings.
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NONPARAMETRIC INFERENCE IN A STEREOLOGICAL MODEL
WITH ORIENTED CYLINDERS APPLIED TO DUAL

PHASE STEEL1

BY K. S. MCGARRITY∗,†, J. SIETSMA† AND G. JONGBLOED†

Materials innovation institute (M2i)∗ and Delft University of Technology†

Oriented circular cylinders in an opaque medium are used to represent
certain microstructural objects in steel. The opaque medium is sliced parallel
to the cylinder axes of symmetry and the cut-plane contains the observable
rectangular profiles of the cylinders. A one-to-one relation between the joint
density of the squared radius and height of the 3D cylinders and the joint
density of the squared half-width and height of the observable 2D rectangles
is established. We propose a nonparametric estimation procedure to estimate
the distributions and expectations of various quantities of interest, such as
the cylinder radius, height, aspect ratio, surface area and volume from the
observed 2D rectangle widths and heights. Also, the covariance between the
radius and height of a cylinder is estimated. The asymptotic behavior of these
estimators is established to yield point-wise confidence intervals for the ex-
pectations and point-wise confidence sets for the distributions of the quan-
tities of interest. Many of these quantities can be linked to the mechanical
properties of the material, and are, therefore, useful for industry. We illus-
trate the mathematical model and estimation procedures using a banded mi-
crostructure for which nearly 90 µm of depth have been observed via serial
sectioning.
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