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CHAPTER 2

PHYLOGENETIC RELATIONSHIPS IN SOLANUM

SECTION ANDROCERAS (SOLANACEAE)

Reprinted with permission from Stern, S., Weese, T. and Bohs, L. 2010. Phylogenetic
Relationships in Solanum Section Androceras (Solanaceae), Systematic Botany 35: 885-

893.
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Phylogenetic Relationships in Solanum Section Androceras (Solanaceae)

Stephen R. Stern,’ Terri Weese,' and Lynn A. Bohs'?

Depactment of Bielogy, University of Utah, 257 South 1400 East, Salt Lake City, Utah 84112-0840, U. S. A
* Auther for correspondence {bohs@biology.utah.edu)

Communicating Editor. Anne Brunean

Abstract—The Leptustemonum clade of Swimtun containg approximately 350450 species, including the cultivated eggplant, 5 nefongena
This clade is characterized by the presence of prickles and apically atkenuate anthers Sofanuit section Aidroceras, the focus of this studv, is a
group afca 12 species belonging to the Leptostemonum clade. This section is unusual in the genns because ofits mostly novth temperate distri-
bution and distinctive zygomerphic, heterantheraus, and enantiastylous flowers. We infer phylogenetic relationships among 43 Sofann taxa,
including 11 species and all varieties of sect. Androcyras, using DNA sequence data fram two nuclear regions {ITS and the granule-beund starch
synthase gene [GBSSI urivaxy)) and the chluroplast region tnT-F The combined phy logenetic tree supports sect Androceras as a menophyletic
roup sister to Solanm sect. Crinitunz, Ol one of the thres series proposed by previous 1axonomists, ser. Pacificun, is supported as mono-
phyletic Sniaman benupes from the norihem Chihuahua Desertis sister to the remaining speciésin et Andnceras, Species-level relationships
were also examined and it was found that two species, § heterodoxim and § cibrafitfiltin, are not monophyletic. The ancestral flower color in
sect Amlreceras appears to be vialet with white and yellow flowers westricted to more denved clades. Characters formerly used to diagnose ser
Audioeeris, such as exclusively branched haivs and lack of camplex foliar flavonoids, appear to have evolved more than ance in the sechon

Keywords—enantivstyly, heteranthery, ITS, Mexico, tnT-F, wavy,

Sofwnunt L, (Solanaceae), thought to contain approximately
1,400 species, 1s one of the 10 largest genera of flowering
plants (Frodin 2004; Bohs 2005), [t alse contains economically
important species such as the tomato (S fycopersicum L), egg-
plant {S mefongena L), and patato (S. tuberosum 1) Recent
studies of the genus range from sequencing the genome of the
tomato (Mueller et al 2005, http: //www.sgn cornell edu/) to
resolving phylagenetic refationships within Selinum as well
as species level taxonomy (Knapp et al 2004; http://wwiw
nhm ac uk/solanaceaesource /). With respect to the phylog-
eny of the genus, analyses of DNA sequence data have helped
to wdentity the major groups within Solomen, the largest of
which 1s the Leptostemonum clade with approximately 350~
450 species (Bohs 2005; Levin et al 2006). This group is com-
monly known as the “spiny solanums” due to the presence of
sharp epidermal prickles

Within the Leptostemonum clade, Solanum sect Androceras
1s unique in many features including distribution, Hlower and
fruit morphology, and chemistey. [ts morphalogical charac-
teristics, specifically Hloral morphology, are so distinct that
Nuttall (I818) placed the species in the genus Audrocera Nutt,
athough he noted the similarities between Amdrocera and
Solnnum: Marzell (1927) placed the species of Androcors into
Solaminn sect. Androceras, Whalen (1979) provided a detailed
revision of Solamn sect. Androceras, including 12 species and
10varieties, and divided the section into three series{discussed
below; Table 1j based on hair, flower, seed, and chemical char-
acteristics as well as geographical distributions. Species in the
section range trom the midwestern U. S, A through Mexico
to Honduras, with the highlands around Mexico City, the
northern Chihuahuan Desert, and the west coast of Mexico
as centers of diversity (Table 1). This section s one of the only
groups in Selzmiem to have a primarily north temperate distri-
bution Within its range, species of sect Androceras are weedy
annual herbs or perennials From persistent woody roots
Many species grow in warm, semiarid to arid regions with
unpredictable seasonal raintall. Chromosome counts have
been reported for all species in sect Androceras, and all are
diploids with 2 = 24 (Whalen 19793)

Typical Sofanum flowers are radially symmetrical with sta-
mens dehiscing by terminal pores They are usually buzz pol-
linated, ejecting pollen from the pores when vibrated by bees

ags

Species 1n sect. Amdroceras conform to this basic plan, but are
further specialized in being bilaterally symmetrical The sta-
meas within a single flower are unequal in size, with four
small, straight upper anthers and an elongate lower anther
(heteranthery; Bohs et al. 2007). This elongated, inwardly-
curved lowermost stamen can be a different color than the
other stamens and is opposed by a slender style of simi-
lar shape (Fig 1a, b, ¢). The position of the style alternates
between the right and left side of the Hower aleng the inflo-
rescence, resulting in “mirror-image” flowers (enantiostyly)

Flowers of sect Androceras, specifically S, rostratum, have
been extensively observed in field and natural history studies
with a focus on the unusual stamen dimorphism (Todd 1882;
Harris and Kuchs 1002, Bowers 1975, Jesson and Barrett 2002)
The upper tour small stamens provide the pellen that the bees
use for faod, whereas the lowermost, elongated stamen acts
as a pollinating stamen by depositing pollen on one side of
the bee’s abdomen where it cannot efficiently be removed
{Bowers 1975; Vallejo-Marin et al 2009) The alternating right-
and lett-handed Howers have been shown to have higher vut-
crossing rates than plants mamipulated to have either straight
styles or right-handed or left-handed Howers only (Jesson and
Barrett 2002) This might be especially important in mamtain-
ing genetic diversity in sect Androceras, where all tested spe-
cies have been found to be self-compatible (Whalen 1970q)

Most species of Sofanum have tleshy berries, whereas fruits
m sect. Androceras are dey at maturity and tightly enveloped
by aprickly, accrescent calyx (Fig 1d) Whalen {19793) shawed
that these representa “censer” dispersal mechanism, also seen
i other members of the Leptostemonum clade, particularly
those ot dry habitats, in which the truits remain on the plant
and the calyx splits open, tearing the dry berry (Symon 1084;
Knapp 2002) This then acts like a “censer,” shaking loose the
small seeds. The large number of seeds produced by a single
plant, in some cases over 5,000 seeds fram an mdividual, cor-
responds to the abservation that Solanmm sect. Androceras is
typically a weedy, colomizing group of species

Some species of sect Amdroceras have a unique suite of
flavenond compounds, such as 8hydroxyflavonoids and
C-glycosylflavones, not found in other Solniim groups
(Whalen 1978a) Differences also exist in the chemical pro-
hles between the three series within the section recognized
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Taoiw | Species of Solmmum sect Androceras, mcluding the seres and their distributions accarding to Whalen (197%) Al taxa except 8 feticntdrun

were sampled in this study:

Sdinien sechon Andnans (Null ) Marzefl

Geographie Distnbutions

Series Amiroceras
S angustifoinet Mill
5 fructe-fecto Cav

5 ohnstonii Whalen

S rostratint Dunal

S tribuiosum Schaver
Series Pacificin: Whalen

S gravi Rose var. grayi

var grandifforum Whalen

S lewcamdigm Whalen

S fumheltzianum Bartlett
Series Vielneeiffoviunt Whalen

S citrudlifolium A Braun var citrullifolinom

var Anoblechn Whalen
var seltgeram Bartlett
S daesens Whalen
S heterodoxum Dunal var hederodexum
var novontexicanm Bartlete
var sehigerordes Whalen
S fenufpes Bartlete var fvimipes
var ftisectins Whalen

Tropical Mexico south ro Honduras

Distrito Federal, Hidalgo, and México States with collections from Crudad Durango and the Sierra
Madre, Mexico

Endenue to eastern Durango Stare, Mexico

Widespread from Mesico City through the Geeat Plains, US A S introduced worldwide

Querétare to southeastern Puebla State, Mexico

Southern Sonora and neirthem Sinaloa, Mexica

Southern Sinaloa and south alony the Sierra Madre, east to Guerrero inland in central Mexico to Morelos
Knawn only from the type lacality in westem Puebla, Mexico

Southern Arizona, and Senera to northern Sinalva, Mexico

Nortlvcentral Coahuila, Mexico to the Davis Mts of western Texas, with a cluster of populations in
central Texas

Known ondy frony two localites in Tarahumara country of western Chihuahua, Mexico

Eastern Chihuahua and western Coahuila, occasionally Presidio County, Texas

Davis, Chinat, and Chusos Mts of west Texas and Sierra del Carmen in northem Coahuila, Mexico

Veracruz northwest acioss Puebla and Hidalgo to San Luis Potosi, Mexico

Mountains of north-central New Nexico

Northem Ciuhuahua, southeastern Arizona, and southt estem New Maxico

Eastern Coahuila State, Mexico to Brew ster, Terrel, Val Verde, and Mavenck Countes, Texas

Presidio County, Texas south along the Chihuahua and Coahuila barders te eastern Durango, Mexico

by Whalen (19700), such as the presence of methoxylated
aglycones, 8-hvdroxvtlavonoeids and various flavones in sers
Violaceifforum and Pacificm that are absent in sev. Androceras
The major chemical ditferences between sers Vichrectflorim
and Pa

tfrctnt are flavones with chrysoeriol type B-rings in
ser. Pacificum and the presence of 8-oxygenated tlavonols in
ser. Violacerflorur (Whalen 1978a)

Although Whalen (197%2) revised sect Androcerns and
included a cladistic analysis based on 14 morphulogical
and chemical traits, ta date there have baen limited molecu-
far phylogenetic studies of this section Two species of sect
Andyocerns, § rostratim and S citrudlifohum, were included in
molecular phylogenies of the entire Leptostemonum clade
and were stronglv supported as sister taxa {Levin et al. 2006,
Bohs etal 2007) These studies place sect. Androceras sister to
sect. Crimtfum Child with moderate support (84% bootstrap
and 10 posterior probability in Levin et al 2006) This rela-
tionship had not previously been proposed due to the tact
that sect Crinitim is a South American group of large shrubs
and trees with fruits that mav reach 10 cm in diameter and
farge flowers that are not heterantherous A close relation-
ship between sect Androceras and § sisymbrufolinm of sect
Cryptocarpum Dunal has been proposed in the past due to
their simuar leaves, inflorescences, and accrescent calyces
(Dunal 1813, 1852; Walpers 1844, Danert 470, Whalen 10799,
Lester et al [990) Both Weese and Bohs (2007) and Bohs
et al (2007) have found that S sisymbritfolinm s sister to a
clade composed of sect Androcoras and sect. Crinitunt Whalen
{19703) favored sect Nycterumr (Venten ) Walp as the sister
graup to sect Amdroceras based on morphological similan-
ties, but molecular studies unequivocally piace the members
of sect. Nycteruon quite distant from sect Androceras (Levin
etal. 2006, Bohs et al, 2007, Weese and Bohs 2007) While these
studies provide hypotheses about relabonships between sect
Androceras and other Selmiom sections, they did not exten-
sively sample from withun the section

In this paper we use motecular phylogenetic methads to 1)
test the monophyly of sect Androeeras as currently cucum-

scribed, 2) examine the phylogenetic relationships of sect.
Amdroceraswithclosely related membersofthe Leptostemonum
clade, 3} test the monophyly of Whalen's (19792) series and
species within sect Androcerns, and 4) examine selected spe-
cies-level relationships to test hypotheses of character evolu-
ton and speciation proposed by Whalen (1979)

Matkkiars anv Mernoos

Taxon Sampling—Eleven of the 12 species and all 10 varetes in sect
Adroceras sensu Whalen {1979%) were sampled for this study (Table 1)
We were unable to obtan high quality genomic DNA for Solanum fewcan-
drine, which s known vnly fram the tipe lovality in Puebla, Mexico, due
to a lack of avanlable herbanum matenal Specimens were determined
using keys found in Whalen {1970, with almost half of the speaimens
determined by the late Michael D Whalen himself (indicated with aster-
isks in Appendix 1} We also included six members of sect Crimtunt as
well as S, stsymbrufoleam, both shown by previous molecular studies t
he closely related to sect Audroceras (Levin et al 2006, Bohs et al 2007)
five ather more distantly related species From the Acanthophora and
Bahamense clades of the Leptostemonum clade were included to ensuwe
sufficient outgroup sampling, and the tree was rooted using 5 bebacenm
arceven more distantly related Solanam From outside the Leptostemuonum
clade The final data set included 43 accessions, representing (1 named
species of sect Amdroceras as well as 12 outgroup species All taxa, along
with voucher information and GeaBank accession numbers, are listed in
Appendia |

DNA Extraction, Amplification, ami Sequenciug—Total genomic
DNA was extracted fram fresh, silica gel-diiad, or herbanum mate-
rial using the DNeasy plant mini extraction kat (Qiagen, Inc, Valencia,
Califormia) Amplification for each gene region follow ed slandard proce
dures descnbed in Taberlet et al {1991), Bohs and Olmstead (20015, and
Bohs (2004) for the trnT-L and tril-F intergeneric spacer regions; Levin
et al (2005) for wavy, and Levin et al (2006) for [TS The ITS region was
amphfied as a sngle fragment using prumets [TSleu] (Bohs and Qimswead
2001} and ITS4 (White etal [990) usng PCR conditions described in Bohs
and Olmstead (2001) When possible, bnT-F and waxy were ampliied as
single fragments using primers a and £ foe feaT-F (Taberletet al 1991) and
pnmers waxvF and waxv2R for waxy (Levin et al 2005) Amplification
comditions for fruT-F followed Bohs and Qlmstead (20015, condihons
for waxy followed Levin et al. 2005 When necessary, overlapping fiag
ments were amplified and assembled, using primers a with d, and ¢ with
f to amphfy taT-F, and primers waxyF with U71R, and 1058F with 2R
to amplify woxy Specimens not amplifving for waxy were amphfied in
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Fic 1 Representatives of Solamum sect Androceras White arrows indicate the style and black arrows indicate the enlarged lower anther. A §. ros-
tratum of Whalen's ser. Androceras and our Rostratum clade B S citrullifolmun var. cilrullifolinm of Whalen's ser. Viotaceifforum and our Setigeroid clade
C. 8 grayi var. grandiflorum of Whalen’s ser Pacificum and our Pacificum clade D Typical fruits of sect Andmceras from S rostration. Photos C, D cour-
tesy of M Vallgjo-Mann

even smaller fragments using primers waxyF and the new Iy developed
EXIR (5-CACAACCTGAACCTAAG-¥} for the hrst fragment, the new
primer EX4F (5-CTATGGCCCCAAAGCTGGAC-Y) and 1171R for the
second fragment, primers 1058F and YN (Peralta and Spooner 2001} for
the third fragment, and primers ¥F (Miller et al. 1999) and 2R for the final
fragment

Amplification products were cleaned using the Promega Wizard SV
PCR Clean-Up System (Promega Corporation, Madison, Wisconsin) The
University of Utah DNA Sequencing Core Faclity peiformed sequencing
on an ABl automated sequencer Sequences were edited in Sequencher
{Gene Codes Corp, Ann Arbor, Michigan) and all new sequences were
submitted to GenBank

Morphological Data—The data matrix presented in Whalen (197%;
Table ), representing 11 morphological, byo chemical, and one isozyme
character for speciesin sect Andwarras was added to the combined molec-
ular data matnx wilh characters for outgroup species coded as missing
data

Seq Alig t aud Analysis—Sequence alg t for all
gene regions was straightforward and performed visually using Se-Al
{Rambaut 1996) The aligned datasets and representative phvlogenenc
trees are available in TreeBASE (study number 52642)

Parsimony Aualyses—Maximum parsimony (MP) analyses were
performed on each dataset separately and on the combined dataset both
with and without marphological data using PAUPLOBIO (Swofford
2002). All characters were weighted equally in analyses thatimplemented
tree bisection reconnaction (TBR) branch swapping with 1,000 heuristic
random addition replicates, each limited to 1,000,000 swaps per repli-
cate, Gaps were treated as missing data Bootstrapping (BS, Felsenstemn
1985) was used to evaluate branch suppart with 1,000 random addition
replicates and TBR branch swapping limited to 1,000,000 siwaps per rep-
licate, Datasets were further analyzed using TNT (Goloboff et al 2008)
to search for shorter trees than were obrined in standard PAUP analy-
ses Congruence of the datasets was tested using parhtion homogeneity
tests (incongruence length difference test [ILD]; Farris et al, 1994, 1995)

10
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implemented 1n PAUP* One thousand heuristic partiton homogeneity rep-
lcates were completed, each with 10 random addition sequence replicates,
TBR branch-swapping, MulTrees off, and gaps treated as nussing daia

Bayesiat Analyses—Prior to Bavesian analyses (BI), a general madel
of nuclentide evaluton was selected for each of the separate and com-
bined datasers using the AIC ¢ritenion idenbified in Madeltest 37 (Posada
and Crandall 1998} MrBayes 31 (Huelsenbeck and Ronquist 2001) was
used to analyze the individual and combined datasets For each analysis
20 replicates were run of four Markov chains, each witiated from a ran-
dom tree and sampled every 1,000 generations using the stop rule to stop
the analysis when standard devianons between the runs reached 001 All
parameters from each analysis wene visualized graphically and the sam-
ples obiained prior to achieving stakonarity were discarded as a bum-in

Constraint Analyscs—Constraint trees were constructed in MacClade
+(Maddizon and Maddisen 2000) to constrain {) each of Whalen's {197%)
series as monophyletic, 2) only the taxa in ser Androceras as menophyletic,
3) anly the taxa in ser Violaceifforion as monophyletie, and 4) the vellow-
flowened taxa as monophyletic Parsimony analyses were performed with
the constraint enfurced using TBR branch swapping with 1,000 heuristic
random addition rephicates, each fimited to 1,200,000 swaps per replicate
These trees were then compated with the most parsimenious trees using
the Templeten test (Templeton 1983; Prager and Wilson 1988)

RESULTS

Phylogenetic Aialyses—Descriptive statistics for the molec-
ular datasets and phylogenetic analyses for the 43 accessions
are given in Table 2. Missing data comprised 0.00087% of the
combined data matrix {149 bases from a total of 171,907} For
the individual datasets, the trnT-F region yielded the least
resolved phylogeny in both MP and Bl analyses The wavy
data produced the most resolved trees with the highest num-
ber of strongly supported ingroup nodes (Table 2) In general,
the parsimony strict consensus and Bl majority rule consensus
trees from the combined dataset differed only in the degree of
resolution, with Bl tree topologies more resolved than parst-
mony trees (Table 2) Clades with low posterior probabilities
(PP} in Bl analyses were otten collapsed in MP strict consen-
sus trees (individual trees not shown)

More nodes were strongly supported by combining the
three datasets than were obtained in any of the separate anal-
yses (Table 2; Fig 2) Inclusion of morphalogical data did not
affeci either the topology or resalution of the phylogeny com-
pared to the combined molecular dataset analyzed alone The
only differences between these and the strictly molecular trees
were slight differences in support vatues for a few nodes

Topological Conflicks—According to the results of the ILD
tests, the three data partitions in the combined data set were
found to be mcongruent (p = V023), so parwise JLD tests
were run The nuclear datasets (ITS and reaxy) were found to
be incongruent {(p = 0.01) as were the waxy and b T-F datasets
{p = 0.01} The only congruent datasets were ITS and b T-F
tp = 0.071) The incungruence of the datasets is likely due to

the disparity in the size and substirution rates ot the different
datasets (Dolphin et al 2000, Barker and Lutzani 2002, Darlu

Tapir 2
supported nodes are those with 2 095 PP

[Volume 35

and Lecointre 2002) However, with few exceptions, each
DNA sequence region consistently identified the same major,
well-supported clades comprising identical species groups,
but relationships among clades were often not strongly sup-
ported (BS values < Q0%), or were unresolved, and thus can-
not be considered contlicting under Wiens' (1998) criteria. The
Bl analysis gave more conflicting nodes (cutoff at < 095 PP),
but posterior probabilities are known to be intlated relative
to bootstrap values (Cummings et al. 2003; Erixon et al. 2003
Simmons et al 2004). Qur discussion will be focused on the
topology of the Bl majority rule and MP strict consensus trees
based on combined molecular data (Fig 2)

Phylogenetic Relationships—SecTioNAL RELATIONSHIPS
AND MonopHYLy op SecTioN AxpRociRas—All data sets
strongly support the monophyly of sect. Androceras as circum-
scribed by Whalen (19703, 1984; 100% BS, 1.0 PP in ITS, wixy
and combined gene trees and 99% BS, 10 PP in trnT-F)

Althaugh not supported i the single-gene analyses, the
combined dataset supports sect Crinitum as sister to sect
Androceras (88% BS, 1.0 PP), with Solaum sisymbriifolium sis-
ter to the clade composed of sects. Androceras and Crinitum
(85% BS, 1 0 PP),

MonorHYLy oF THE SERIES WITHIN SECTION ANDROCERAS—Of
the three series identitied by Whalen (1079), our phylogeny
supports only ser Pacificim as a monophyletic group, termed
the Pacificum clade in Fig 2. Thus relationship is supported
in the individual ITS (872 BS, 1.0 PP} and wayy datasets (98%
BS, 1 0 PP) but not in the brnT-F dataset; the combined dataset
resolves this group with 100% BS and 1 0 PP, Three of the five
species of ser. Androceras form a maderately to strongly sup-

ported Rostratum clade composed of S rostratum, S, fricto-
tecto, and & angustifolivm in the waxy only (82% BS, 1.0 PP)
and combined trees (94% BS, 10 PP). Solwiwm ‘ohnstonu of
ser. Androceras is unplaced n the 1S, tril-F, and combined
analyses; the waxy only analysis places this species as sister
to the Pacificum clade with moderate support (86% BS, 1.0
PP) The tinal member ot Whalen’s ser. Androceras, S. tribu-
losim, s moderately supported (82% BS, 1.0 PP) as sister
to a large clade of species, placed by Whalen (1070q) in ser
Violacetflortun, in the combined analyses, but this relationship
is not recovered in any of the individual analyses Whalen's
ser Violneeifforum is clearly polyphyletic, with a large clade
composed of § heteradoxmm var sehigerodes, S citrullifolitm
vars. etrullifelinm and setigerum, and S duvisense forming a
monophvletic group, here termed the Setigeroid clade, in the
wixy only (992 BS, 1.0 PPy and combined analyses (924 BS, 1.0
PP; Fig. 2) The remainder of the taxa belonging to Whalen’s
ser Violeviflorum, lncludmg S tennipes, § atrullifolinm vac
knobfrchii, and S heterodoxum vars. heteradoxiom and novomexi-
cmnuin form a grade at the base of the Androceras clade
the combined analvses “Elder 46", a potentially undescribed

Cescriptive statistics for the datasets analyzed Strongly suppurted nedes for parsimony indicate those with 2 90% BS; Bayesian strongly

Aligred ) i Nunber of nmgly Nunber i Shpgle
Sequence  Numbwr of Parshimet - Nunibes o Supported Nodes' Supp tlend Ny
Data Partifion Length  Infoemative Chapwtens MPTiers Treelengih - C1 RI Parsmony {ingroup medest Madeal Selected  Havesan igemg modes)
ITs 666 121 13,601 41 0608 0783 11(6) GTR +1+G {15
ieaxy 1.731 165 48 28 UBd 0895 17(12) GTR +G 32424)
trnl-F 2,088 65 R2,750 188 0910 0895 63y GTR+ 1+ G 1348)
Combined 4485 M0 10 1,085 1733 0820 1812) GTR 36(24)
Combined + Marphological 4,400 354 f 1127 0726 0828 16{12) GTR 38(27)

11
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S. rostratum

S§. rostratin Boulder Co., Colorada Rostratum
S. rostratum Pugbla, Mexico Clade

8. fencto-tecto

8. angnstifolinm

8. gravi var: grandiflorum Sinaola, Mexico (Whalen)
8 gvavi var_grandiflorum Jalisco, Mexico

S grayi var. grandiﬂnrum Sinaloa, Mexico (Marin)

8 weavi var gravi

Pacificum
Clade

S. jolmsmm.l- Coahuila, Mexico :] S. johnstonii
§. jolnstonii Durango, Mexico

S. citrulliolinm var. cinullifolinm

S. citrullifolium var: citrullifolin Bumet Co., Texas
S. davisense Jeff Davis Co., Texas (Whalen)

§. davisense Jeft Davis Co., Texas (Board)

§. citrullifolitn var. setigerum Presidio Co., Texas
S. citrullifoliton var: setigerum Chihuahua, Mexico

Setigeroid Clade

8. heteradoxum var: setigeroides Calron Co., New Mexico

Sect. Androceras

1.0

100

!

1

rﬁg‘E S. heterodoxum var: sefigeroides Cochise Co., Arizona
08

S. heterodoxum var: setigeroides  Sonora, Mexico ]

§. tril 1 juato, ( &
S. m.bula\'um Guanajuato MOXICO:I S. tribulosum
S. tribulosum Veratruz, Mexico

100

65

S. heterodoxum var: helemdu.rum:l S. heterodoxum
84 3. “Elder 46"
1.0 S. heteradoxum var: novomexicanum Glandulosa

1.0

1.0

100

Clade
S. citrullifolium var. knoblichii

5 temuipes var: (vmidpes Brewsler Co, Texas

oo
o=

s
o

1o 68

1.0

1.0

S, tennpes var fenvipes Nuewo Leén, Mexeo |S. tenuipes
S temuipes var. latisectm i

3. crinitm Brazil
§. crinitm Guyana

S. vcocarpum Se ct C rini tum

S. mitlense

S. sendtnervianum
S wrightii

94

S. sisymbriifolivn
S. bahamense
L0 S. ensifolium

1.0

— S camlinense

— S acerifolium

100
Lo

L— S mvriaeanthum
S. betaecum

Fis 2 50% majority rule tree from the Bavesian analysis of the combined dataset Numbers above branches are bootstrap values over 50%, num-
beus below branches are posterior probabilities from Bavesian analysis Branches that collapse in the parsimony stiict consensus tree but are present in
the Bayesian majority rule tree are shown as dashed lines Species of sect dmdniceras placed by Whalen (1979) in ser Androcerns are in bald stalics, in ser
Pacificunr are underlined, and in ser Viofaceiflorain are in nonbold italics Sefwium “Elder 46 wasnot placed in any of Whalen's (197%) series; see text for

discussion The clades discussed in the text ae labeled
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species, is strongly supported as sister to 5 heterodoxiun var
novomexteanim (i the 1TS only (85% BS, U 98 PP}, wivy only
{87% BS, 1 0 PP) and combined analyses (89% BS, 1. 0 PP), and,
along with § citrullifolivun var knoblichn, comprises a mano-
phyletic group i the waxy enly (100% BS, 1.0 PP} and com-
bined analyses (65% BS, 1.0 PP), here termed the Glandulosa
clade

Srrcies- AND INpRAsPECIFIC-LEVEL MONGPHYLY—Species-
level manaphyly was examined 1 a number of taxa with
muftiple accessions sequenced in the phylogeny In the cases
of §& wstratim, S grayi, S, ohnstori, S daviscnse, S fribilo-
sim, and S tenuipes, all accessions of the same species formed
monophvietic groups with strong support in the combined
trees. Furthermore, the multiple accessions sequenced of
S citrullifoliin var. cttratlifoliton and S, heterodoxum var sefi-
gervides each emerged as monophyletic in all combined analy-
ses, but 8 citrullifolinm var scliyerion is paraphyletic in the
combined MP strict consensus tree, However, S. citrullifolii,
S heteradoxum, and S grayi var anllnflﬂm‘lll“ were not sup-
ported as monophylete, as multiple accessions of these taxa
did not group together in the combined analyses.

CoNsTRAINT AnaLvses—Constraming all of Whalen's
series to be monophyletic resulted i trees significantly dit-
ferent than the most parsimenious tree from the combined
datasel (Templeton's test p = 0 0001) When constraining sers
Andruceras and Vielaceifolinm individually, the trees were also
significantly different than the most parsimanious tree trom
the combined dataset (pp = 0.0455 and 00477, respectively)
Trees constraming all of the vellow-flowered taxa (i e. species
of ser Andraceras minus S bribulosum) to monophyly were not
significantly difterent than nonconstrained trees (Tempieton's
test p = () 6AUR)

DiscugsioN

Sectional Relationships aud Monophyly of Section
Androceras—Despite the various hypotheses regarding the
sister group to sect Androceras, our data support previous
molecular studies in finding sect Crmitun as sister te sect
Ambroceras (Levin et al. 2006; Weese and Bohs 2007, These
groups are morphologicaily distinctive and this relation-

ship merits turther study: Solamon sisymbrisfolitem s sister to a
clade composed of sect. Androcerrs and sect. Crimlum despite
the fact that S ssymbriifolinm and sect Androceras share
highly divided leaves and strongly accrescent calyces, charac-
ters not found in sect. Crinitum. Lester et al (1999 also found
the seeds ot sects Andrwooeras and Cryptocarpion, to which
S sisymbrafoliun belongs, to be remarkably similar We were
not able to sample other members of sect Cryptocarptn but
further sampling might possibly place this group sister to
sect Amdreceris

All three data sets strongly support the monophyly of sect
Atdroceras as evcumseribed by Whalen (1979, 1984) Thus
molecular evidence, combined with unique marphological
tratts found in the leaves, Howers, and fruits, its distinctive
flavonoid chemustry, and geographical distributivn, leave
little duubt that Seltmm sect. Androceras 15 2 monophyletic
group

Character Evolution aud Monophyly of Whalen’s Series in
sect. Androceras—Whalen's (19793) three series within sect
Androceras were distinguished by trichame, Hower, and seed
morphalogy as well ag Havonoid chemistry and geographi-
cal distnibution (Table 1) Whalen (1974%) circumscribed these
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series as natural phylebc groups; however, they were not
defined in strict monophyletic terms (see paraphyly of sers
Andrecerns and Violacerflorum in Fag 15 in Whalen 19793
It 15 clear in exanuning his matrix of morphological char-
acters (Table 6 and Fig. 15 in Whalen 1479), that many are
homoplasivus or autapemorphic Additionally, the assess-
ment of ancestral and denved characters as well as coding
of characters are based on the author’s interpretations (see
secondarily lost characters in Table 5 in Whalen 18799) and
could be differently interpreted by other taxonomists Given
this and the fact that our combined molecular dataset con-
tains 340 parsimony informative characters, it is not sur-
prising that the addition of the 14 characters from Whalen’s
(10703) dataset does not change the topology or resolution of
the phylageny (results not shown) The few synapomerphic
characters in Whalen’s (1979) character matrix show support
for ser Pacificum. the only ane of the three series that emerges
as a monophyletic group in our molecular trees Characters
unique to this series include white, deeply stellate corollas,
radiaily wrinkled seeds, and a geographical center of distri-
bution on the Pacific slope of the Sierra Madre Occidental
on the west coast of Mexico. Apparently these characters
arase once in the Pacificum clade, although contirmation of
this awaits sampling of the third member of ser Pacifictm,
S Aeucandrum

Neither ser Andmwceras nor Violieeifolnun is supported as
monophyletic i the moleculac analyses These series were
paraphvletic in Whalen's (1970) cladistic analysis and the
nonmolecular characters that supported these groups are
likely convergent Forinstance, ser Androceras was character-
ized by Whalen (197¢a) ashaving seellate or multangulate cau-
line hairs and vellow corollas, lacking flavoneid compounds
found in the other two series, and a distribution centered in
the central Mexican highlands around Mexico City: These
characters are tound in species of the Rostratum clade iFig 2),
but alsa in § ohnstoni, which does not form a part of this
clade Conversely, Whalen (197%) placed § tribulosum ito
ser Androcerns despite its pale blue or white corollas Suppart
and resolution along the backbone af the tree obtained here is
weak or lacking, precluding firm conclusians about character
evalution in sect Andmceras based on the most parsimonious
trees. However, constraining all three series each to be mone-
phyletic as well as constraiming the taxa of Whalen's sers
Adroceras and Violeeeifolnonn mdividually to be monophyletic
resulted in trees significaatly different than the most pavsimo-
nwous trees from the combined dataset This further indicates
that these two series are likely nonmonophylenc and that
the characters that Whalen proposed to diagnose them have
evalved multiple times On the ather hand, when all vellow-
flowered taxa {ie species of ser Awdroceras minus S tribitfo-
stim) were constrained to monophyly, the constrained trees
were not significantly different than nonconstrained trees
Theretore, the hypathesis of a smgle origin of vellow corallas
within sect Androceras cannat be rejected

According to Whalen (1979, nine of the species of sect
Androceras are taprooted anoual herbs with wide edaphic
tolerances Selwiwm ohustondi, S tenwipes, and § trilmlosion,
hawever, are caleiphilic herbaceaus perennials Judging from
thewr widely separated positions on the molecular trees, it
appears that the lateer traits evolved independently in the
three species

Biogeographical Relationships—Based on hus interpre-
tation of cladistic relationships in sect. Androceras, Whalen
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(19792} considered
within the section, implying an origin for the section in the
central Mexican highlands (Whalen 10703, 1983) However,
the molecular phylogenies place 5 fenupes, included in ser
Violaceifolinm by Whalen (1079q), as sister to the remainder of
sect. Androceras with good support (82% BS, 1.0 PP) Selmium
fenuipes oceurs in the northern Chihuahua Desert near the

ser. Awdroceras to be plesiomorphic

Texas-Mexico border, pointing to a more northerly origin for
the section In the Bl trees, the Glandulosa clade is in turn sis-
ter to the remainder of the species (Fig, 2). Species of thus clade
ave also found w the northern Chihuahua Desert and range
into the southwestern U S A, consistent with a northern
argin, However, this latter relationship is poorly supported
and collapses in the MP strict consensus trees Nonethel

molecular evidence refutes Whalen's (19794, 1983) hy pothesis
of a central to southern Mexican origin tor sect Androceras
Clades Within
The Rostratum clade contains $. rostratum, S, fructo-tecto, and
S angustifolium, theee of the five species placed by Whalen

sect, Androceras—ROSTRATUM CLADE—

(1979a) in ser, Androceras. Solanum rostratum is a widelv intro-
duced weed and 1s common in the central and western U S A,
but Whalen (19793) considered central Mexico to be 1ts area
of origin due to the high level of morphological variability
in this region and because many of the sister taxa proposed
by Whalen (197%a) occur there Our phylogeny samples
accessions from both the U S A. and Mexico and all form a
strongly supported group Combined with many morpholog-
ical characters, theve is Little daubt that, although it is the most
widespread species in the section, § rostratim 15 a monophyl-
eticand distinct species. The other members of the Rostratum
clade have more restricted distributions § fructo-tecto is
found in the vianity of Mexico City and Ciudad Durango,
and S angnstifolinm is tound from southern Mexico through
Honduras. Although §, fructo-fecto is vegetatively similar to
S rostratum, Whalen did nat encounter hybrids or collections
intermediate between the twa species in reproductive char-
acteristics Therefore, he states that the overlap in vegetative
characteristics between the species probably represents natu-

ral variation. Whalen (19703} considered § angustifolium to
be closely related to 5. rostratum but alse called it a bridging
taxon between his sers Andweeras and Violaceifforum. Qur
phylogeny indicates that, despite sharing trichome and fla-
vonoid characters with species in Whalen’s ser. Violaceifforion,
S amgnshifolium 15 fact closely related to & rosteatum
Paciricun cave—The Pacificum clade is found in western
Mexico along the Pacific slope of the Sierra Madre Ocaidental
and 1nland in central Mexico This clade comprises twa of
the three species placed by Whalen (19792) in ser. Pacificum,
S lencandrum, the third, was not sampled  Solonum grayi has
been divided into two varieties based on flower size The
small-flowered farm is known as S grayr var grayr, whereas
the large-flowered plants are segregated as var grandiflorun
Our phylogeny sampled species from throughoutthe range of
S grayiand did not consistently separate these varieties These
varieties seem to have arisen from character displacement in
areas where 5 @y oceurs sympatrically with its purpurted
sister spectes S fumholtzinum Whalen (1978h) showed that
S tumbholtzianum and S graw have similar sized Howers
over their distinctive ranges, but show strong character dis-
placement where thenr ranges overlap in Sonora and north-
ern Sinaloa, with the flowers of 5. grayi much smaller there
than i other parts of its range Solmuwn grayr and $ homholt=-
fantn were shown to successfully hybridize in experimental
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crosses, but Whalen (1078b, 1979) posits mechanical isolation
via character displacement of floral traits in areas where the
two species overlap, indicating that in nature they would not
share the same pollinators and would effectively be repraduc-
tively isolated. Although our phylogenetic data suggest that
the varietal distinctions in S grayi might not be warranted,
additional sampling from this species is needed to examine
this question. The final member of Whalen’s ser Pacificum,
S. lencandrium, 15 a rarely collected species and thus mate-
rial was not avaable for this study. It is endemic to western
Puebla and is morphologically similar te S. grayi, thus would
likely be included in the Pacificum clade.

Seticero1p cLape—The Setigeroid clade is strongly sup-
ported in our phylogeny and contains . davisense, S citrul-
fifoltwn vars citrilhfolivon and sctigerum, and § heterodoxum
var sctigeroides. These species all occur in the southwestern
U S A and the area along the Texas-Mexica border Our phy-
logeny shows that S. dawvisense is closely related to § citrulli-
talivun var. citeulfifolinm (76% BS, 1.0 PP}, a result supported
by allozyme data from Whalen (1970b) Solanum dawisense is
distinct from the other species of the Setigeroid clade due
a mare erect habit, acutely lobed leaves, smaller flowers,
and smooth unridged seeds as well as chemical differences
(Whalen 1079%), Divergence of §. davisense and § eitrullifo-
linm was likely due to the slight geographical separation of
S, davisense at the margin of the range of S citrullifolivm var. cit-
rilllifolium (Whalen 19793, 1970b), Solanum crtendlifolivm vars
setigerum and citvullifolium do not form a monophyletic group
in either the MP or Bl combined analysis. Monophyly of §, et
rullifelinon var sctigermm itselfis not supported in the MP strict
cansensus tree, yetit receives strong support (1.0 PP) in the Bl
50% majority rule tree Therefore, itis unclear whether the two
varieties should be recognized as taxanomically distinct enti-
ties, As indicated by the common varietal name sctiger- (Latin
for “bristly™), 8. citrullifolivm var sctigerum and S heterodoxim
var setigeroides share morphological similarities and have also
been found to have a history of hybridization (Whalen 19703)
This, combined with the phylogenetic relatedness of these
taxa, warrants a more detailed taxonomic investigation of
these species and varieties to determine the relationship and
specific delimitations of members of the Setigeroid clade

Granputosa cLane—The Glandulosa clade presents inter-
esting taxonomic and biogeographie problems. This clade
contains S citrallifolivm var knoblichit, 5 heterodoxion var.,
novomexicamun and an unidentified species here called “Elder
46" based on the collector and cellection number Soluinm
citrullifolivon var knoblichii morphologically resembles var
citrullifolitun but is restricted to western Chihuahua state in
Mexico. Tt has longer hairs and more spreading frutt pedicels
than the other varieties of 5. citrullifolnon but, due to a lack
of cullections, ather morphological ditferences are not appar-
ent. It is distantly related to its conspecifics, which accur m
the Setigeroid clade (see above), and deserves further callec-
tion and taxanomic study Solmum heterodoxion var novamex-
reanm was given specific status (as Audrocera povomexicana
(Bartlett) Woaten & Standl) by Wooten and Standley (1913)
Despite the large geographic separation between S. hetero-
doxum var Jeterodoxum from the area around Mexico City and
var nwovomexicmnom from New Mexico, Whalen (1979a) felt
that these varieties resembled each other except for the mare
stellate carollas in the latter variety. The geographically close
S heterodoxum var setigerordes occurs in adjacent areas of New
Mexico, Arizona, and the Texas-Mexico border. This variety
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15 distinet morphologically, with densely prickly stems and
much finer spines than the other varieties of 5 heterodoxum
Given the distinct morphological traits and the phyloge-
netic distance between S heterodoxwin var novomexicanum
and the other varieties, the specific classification of Waeten
and Standley (1913} should be reconsidered The final mem-
ber of this clade, “Elder 46,” is a collection frem Teff Davis
County, Texas This specimen has previously been identifred
as S grayi var grandifforwm, §. davisense, and 8. heterodoxion
but does not fit any of thuse species concepts Whalen did not
examine this specimen, and use of his kev and comparison to
specimens he annotated does not result ina satistactory deter-
mination Since it appears that many of the species in the sec-

tion are restricted endemics, it 1s possible that this collection
represents an undescribed species,

The three species in the Glandulosa clade share some mor-

phological characteristics including a diminutive weedy
annual habit, violet or occasionally white Howers, and sim-
ple, aften glandular hairs, Whalen (107%) notes that the
flavonoid profile for § lieterodoxton var. novomexicanumn is
identical to that of var heterodoxum, however, the other mem-
bers of the Glandulosa clade have not been sampled The spe-
cies in the Glandulosa clade have geographic ranges that do
not appear to averlap, with "Elder 46” occurring i [eft Davis
County, Texas, S heterodoxum var novomextcantim vceurring in
north central New Mexico, and & crtendlifolitm var, knoblichii
restricted to Chihuahua, Mexico. Further svstematic study
and field collections will help to clanify the number of distinet
taxa represented within this clade

SorANtAl JoHNsTONI—The two accessions of S, lohnstoni
emerge as a monophyletic group. This species has a very
restricted range in the Durango state of north-central Mexico
and has often been denutied az S watrabim However,
Whalen (19703) cites many morphological differences as well
as reproductive isolation as evidence that § ‘ahnstonii and
§ rostratim are distinct species, Our plivlugeny suppoits this
separation, but there is little support for the celationship of
S. ohnstonti with any of the ather clades within sect. Andrcerns

SOl NI TRIBULOSUM—Solanum tribufosim shares purple
flower color with members of the Whalen’s ser Violaceifoluon,
but he placed it in ser Androceras due to geagraphical distni-
bution, chemical characteristics (notably a lack of 8-hydroxy-
flavonoids and various flavones that are found in ser
Violucoifolinm) and morphological features such as stellate
corollas and smooth seeds Results from the combined analy-
ses indicate that 8 hibufesum 15 move closely related to the
other purple-flowered taxa here placed in the Setigeroid clade
than to the species of Whalen's ser. Androceras, which include
S rostratum, S, fructo-fecto, and § angustifolinm (Rostratum
clade) as well as 8 ohnstonit

SOLANUA HETERODOXUAS VAR HFTERODOXUAI—The position of
S heberodoxam var heterodoxum within the section 1s unre-
solved and 1t is not placed with either of the ather § hefero-
doxten varieties This isolated phylogenctic position murrors
its geographical disjunction: Selarium heterodoxim vars, seti-
geroides and novomexicaniun occur i the southwestern U S A,
and northern Mexico, whereas var. heferodoxton s greatly dis-
junct i central Mexica: Solanum heterodoxuim var, heterodoxinn
has less prickly stems with much stouter prickles than those of
var setigeroides and flowers with much more interpetalar tis-
sue than those of var. novomextoanim These differences, along
with the phylogenetic results, indicate that S heterodoxum as
currently defined 1s almost certanly not menophyletic
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Soravusl estpEs—The two varieties of . fenuipes are placed
together as a strongly

supported monophyletic group sister
to all the cther taxa of sect Androcerns Thus species 15 found
along the Texas-Mexico border and is divided into var. tenu-
ipes and var latiscctum baged an geography, leaf dissecton,
and seed size. Whalen (1970a) notes intermediates between
these varieties and our phylogeny gives only weak support
to grouping the two accessions of var frinipes (69% BS, 080
PP) Whalen (19704} considersd 8 tenuipes to be derived
within the section, making the placement of 5, tenuipes at the
base of sect. Androceras unexpected and worthy of turther
investigation
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The human brain undergoes rapid and dynamic development early in life, Assessment of brain growth patterns
relevant to neurotogical disorders and disease requires a normative population model of growth and variability
in order to evaluate deviation from typical development. In this paper, we focus on maturation of brain white
matter as shown in diffusion tensor MRI (DT-MRI), measured by fractional anisotropy (FA), mean diffusivity
(MD), as well as axial and radial diffusivities (AD, RD). We present a novel methodology to model temporal
changes of white matter diffusion from longitudinal DT-MRI data taken at discrete time points. Our proposed
framework combines nonlinear modeling ot trajectories ot individual subjects, population analysts, and testing
for regional differences in growth pattern. We first perform deformable mapping of longitudinal DT-MRI of
healthy infants imaged at birth, 1 year, and 2 years of age, into a common unbiased atlas. An existing template
of labeled white matter regions is registered to this atlas to define anatomical regions of interest. Diffusivity prop-
erties of these regions, presented over time, serve as input to the longitudinal characterization of changes. We
use non-linear mixed effect (NLME) modeling where temporal change is described by the Gompertz function.
The Gompertz growth function uses intuitive parameters related to delay, rate of change, and expected asymp-
totic value; all descriptive measures which can answer clinical questions related to quantitative analysis of
growth patterns. Results suggest that our proposed frameworl¢ provides descriptive and quantitative informa
tion on growth trajectories that can be interpreted by clinicians using natural language terms that describe
growth, Statistical analysis of regional differences between anatomical regions which are known to mature
differently demonstrates the potential of the proposed method for quantitative assessment of brain growth
and differences thereof. This will eventually lead to a prediction of white matter diffusion properties and associ-
ated cognitive development at later stages given imaging data at early stages.

© 2012 Elsevier Inc. All rights reserved.

Introduction

and improved diagnosis and treatment. Longitudinal trajectory-based
studies provide a better understanding of human brain development

Improved understanding of typical brain development during in-
fancy, an interval characterized by rapid sculpting, organization and
vulnerability to exogenous influences, is of a great importance both
for clinical and scientific research. Many neurobehavioral disorders
have their origins during neurodevelopment (Gilmore et al.,, 2010;
Huppi, 2008). Establishing a normative model of early brain develop-
ment is a critical step to understanding the timing and potential
mechanisms of atypical development and how intervention might
alter such trajectories and improve developmental outcomes (Als
et al,, 2004; Marsh et al., 2008). Once normative models are available,
they can inform research and practice concerning children at risk
for neurodevelopmental disorders and may eventually lead to earlier

* Corresponding author.
E-mail address: neda@sci.utah.edu (N. Sadeghi).

1053-8119/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.neuroimage.2012,11.040

compared to cross-sectional studies (Karmiloff-Smith, 2010). In cross-
sectional data, calculation of the average trajectory may not be represen-
tative for the growth patterns of individual subjects as this approach is
inherently insensitive to individual developmental differences and co-
hort effects (Gogtay et al., 2004). Cross-sectional analysis might falsely
report magnitude of changes over time or may fail to detect changes
(Casey et al., 2005).

Growth modeling from longitudinal data, on the other hand, makes
use of sets of individual temporal trajectories which results in significantly
improved models of growth and growth variability, as longitudinal stud-
ies can differentiate between cohort and age effects (Diggle et al., 2002).

Previous imaging studies of early brain development have substan-
tially contributed to our current understanding of brain development.
Some of the studies considered size or shape differences (Huppi,
2008; Knickmeyer et al., 2008; Xu et al., 2008; Xue et al., 2007), others
have looked at changes of contrast in MRI (Sadeghi et al., 2010) or
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diffusion parameters in DTI (Gao et al, 2009; Geng et al, 2012;
Hermoye et al,, 2006; Huppi et al., 1998; Mukherjee et al., 2002;
Sadeghi et al, 2012). However, most of these studies are based on
cross-sectional data or children older than 2 years (Dubois et al.,
2008; Faria et al, 2010; Gao et al., 2009; Hermoye et al., 2006;
Mukherjee et al., 2002). In this study we focus on developing longitudi-
nal models spanning birth to about two years of age. The models are
based on the parameters obtained from diffusion tensor imaging
(DTI). DTI-derived diffusivity parameters provide relevant information
about the maturation of the underlying tissue as they assess water con-
tent (Huppi, 2008). These measurements are a possible reflection of ax-
onal density and/or degree of myelination (Neil et al., 1998; Song et al.,
2002) which correlate with cognitive functions (Dubois et al., 2006) and
early developmental outcomes (Als et al., 2004; Ment et al., 2009; Wolff
et al,, 2012). In this study we focus on fractional anisotropy (FA), mean
diffusivity (MD), radial (RD) and axial diffusivity (AD) to explain brain
maturation and to gain a better understanding of white matter develop-
ment. Driven by earlier findings that myelination follows a nonlinear
spatio-temporal pattern (Dubois et al., 2008), our goal is to capture
these changes in terms of the parameters of the Gompertz function
which provides an intuitive parameterization representing delay,
growth, and asymptotic values for each region,

In contrast to previous studies, we use an explicit growth function
(the Gompertz function) and a nonlinear mixed effect modeling
scheme (Pinheiro and Bates, 2000). In a nonlinear mixed effects
model, the diffusion parameters are modeled in a hierarchical fashion,
with fixed-effect representing the overall population trend, and random
effect associated with each individual. Nonlinear mixed effect models
are suited for longitudinal data where each subject has repeated scans
with the possibility of missing data points and uneven spacing between
scans of all the individuals in the group. Unlike most previous studies of
early brain development, we make use of longitudinal imaging where
each subject is imaged repeatedly over the first few years of life. This en-
ables a more accurate characterization of developmental pattern (Giedd
et al., 1999). Nonlinear mixed effect model provides a direct way of es-
timating individual trajectories along with longitudinally derived typi-
cal developmental curves as illustrated in Fig, 2. This leads to the
characterization of a normative model for healthy developmental pat-
terns and estimation of personalized, individual trajectories of growth,
which is a property that will be desirable for comparison and diagnostic
assessment of individual subjects.

We apply our analysis framework to a set of white mater regions
that are known to have different patterns of growth to establish nor-
mative developmental patterns for each region. Quantitative analysis
of diffusion changes in these regions provide further insight into brain
maturation process and will enable prediction of subject-specific
growth trajectory with the potential of detecting pathological devia-
tion related to brain disorders.

Materials and methods
Subjects

This study was approved by the Institutional Review Board of the
University of North Carolina School of Medicine. Children analyzed
in this study are controls in an ongoing longitudinal study of early
brain development in high risk children (Geng et al., 2012). A total
of 26 control subjects were selected for this study. Scans of these sub-
jects were obtained at around two weeks, 1 year and 2 years. Four
of the subjects had sub-optimal scans at 1 year that were removed,
but their scans for other time points were kept. In total, we used 59
datasets, the temporal distribution of scan data is shown in Table 1,
To ensure maximal success rate of scanning, all subjects were fed,
swaddled and fitted with ear protection. All subjects were scanned
without sedation during their natural sleep.

Table 1
Distribution of scans across different time points, N indicates the
number of subjects with the associated temporal pattern.

Available scans N

Neonate scan only

1 year scan only

2 year scan only

Neonate + 1 year scan

Neonate 42 year scan

1 year +2 year scan

Neonate +1 year+2 year scan

LwNDOoOON

Image acquisition and data processing

All images were acquired using a 3 T Allegra head-only MR system
using a single shot echo-planar spin echo diffusion tensor imaging
sequence with the following parameters: TR =5200 ms, TE=73 ms,
slice thickness of 2 mm and in-plane resolution of 2x2 mm? One
image without diffusion gradients (b= 0) along with 6 gradient direc-
tions with a b-value of 1000 mm?/s were acquired. The sequence was
repeated 5 times for improved single-to-noise ratio. All DWIs were
checked and corrected for motion artifacts using the DTIChecker tool,’
Tensor maps were calculated for each DTI scan using weighted least
squares tensor estimation on the images that have been averaged
over sequence repeats (Salvador et al., 2005). T2-weighted structural
images were obtained using turbo spin echo sequence with TR=7s,
TE=15 and 90 ms, slice thickness of 1.95 mm and in-plane resolution
of 1.25x1.25 mm? T2W and baseline DWI of all the subjects' scans
were skull stripped using Brain Extraction Tool (BET) (Smith, 2002).

Due to significant contrast changes in early brain development, we
utilized two registration frameworks: one for intra-subject and inter-
modality registration, and the other for inter-subject registration. For
inter-subject registration, we applied the unbiased atlas building
framework of Joshi et al. (2004) based on the Large Deformation
Diffeomorphic Metric Mapping (LDDMM) (Miller et al., 2002) to the
set of T2W images of scans at year 1 to obtain spatial mappings
between all subjects through the estimated atlas coordinate system.
Intra-subject registration was performed by IRTK software, using af-
fine and nonlinear registration method of Rueckert et al, (1999)
using normalized mutual information as the image match metric
(Studholme et al., 1999) that appears robust to changing contrast
properties in early brain development.? All time points of each sub-
ject are registered to the unbiased atlas via linear and non-linear
transformations, first by mapping these images to the year 1 scan
and then cascading the two transformations for a mapping to the
atlas. Details on the registration methods and parameters are summa-
rized in Appendix A. The tensors are registered to the atlas using
transformations obtained by registering the DTI baseline (BO) images
to T2W images. Tensors are resampled using finite strain
reorientation and Riemannian interpolation (Alexander et al., 2001;
Fletcher and Joshi, 2007; Pennec et al., 2006). After all the images
are transformed into the atlas space, the tensors are averaged using
the log-Euclidean method to produce a tensor atlas (Arsigny et al.,
2006). In this study, we extract the mean, axial, radial diffusivity,
and fractional anisotropy features from the registered tensors, MD =

A.n.\,..l\l' AD:M, RD =h_£ﬁ and FA = \/%'_y:u. NPy MPi M where Ai

VM AN
are the eigenvalues of the tensor sorted from largest to smallest. Fig. 1
shows an overview of our method and analysis workflow.

Nonlinear mixed effects model

In this subsection, we describe the nonlinear mixed effects model
used to analyze the longitudinal DTI data. Compared to a nonlinear

' http://www.ia.unc.edu/dev/download/dtichecker.
2 http://www.doc.icac.uk/~dr/software.
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1. Multi-modal registration of individual
subjects

2 weeks

1 year

2 year

2. Building a common reference space

within regions of interest

4. Map white matter anatomical labels to the reference space and extract diffusion parameters

6. Estimate population and individual
trajectories for different region pairs

6. Test for group differences between
estimated population trajectories of
region pairs (denoted in red and blue)
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Fig. 1. Overview of the proposed longitudinal DTI region based analysis.

least squares (NLS) method, a nonlinear mixed effects (NLME) model
does not assume that the sample data points are independent and
\dentlcally distributed, rather it assumes thal Lhere is coirelation dctuss
repeated measurements. Also, the average trend estimated based on the
mixed effect model is an average of individual trajectories rather than
a least squares fit to the individual data points. This results in better
representation of trajectories in the population as illustrated in Fig, 2.

Model formulation
In the mixed effects model, the observed data is a combination of
fixed effects which are parameters associated with the entire

population or a sub-population, and random effects which are param-
eters associated to an individual. In the nonlinear mixed effect
models, some or all the parameters appear nonlinearly in the
model. We use the NLME model proposed by Lindstrom and Bates
(1990) where each individual's observation is modeled as:
.Vij=f(d’iatij)+eij i=1-M j=1"m M
where i indexes the individual subjects and j indexes the time points,
M is the number of individuals, n; is the number of observations on
the ith individual, f is a nonlinear function of the covariate vector
(time) t; and parameter vector ¢y, and e;~N(0.0%) is an i.i.d. error
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Fig. 2. Population growth models, represented as black curves, obtained using nonlinear least squares (NLS) in a cross-sectional fashion (left) and nonlinear mixed effect modeling
(NLME) via longitudinal analysis (right). Colored points represent data observations, and colored curves represent the individual growth trajectories, Note that given the same data

points, cross-sectional analysis provides a very different result than longitudinal analysis.

term, The parameter vector can vary among individuals by writing ¢;
as

& = AB+ B;b; b ~N(0,¥) (2)

where 3 is a p-vector of fixed effects, and b; is a g-vector of random
effects associated with individual i with variance-covariance ¥. A;
and B; are identity matrices for our study.

The function fcan be any nonlinear function. Since early brain de-
velopment is characterized by rapid initial development which slows
down in later years, it is preferable to use growth functions which
reflect these properties. One such growth function is the Gompertz
function which can be written as:

y = asymptote exp(—delay exp(—speed t)). 3)

The effects of varying the three parameters asymptote, delay and
speed of the Gompertz function are shown in Fig. 3, for a function
that decreases as time progresses.

To use the Gompertz function in the nonlinear mixed effect model,
we apply the following formulation where the Gompertz function
is parameterized as y = f(¢, f) = ¢, exp{~—d,3 }, where ¢ denotes
asymptote, ¢, is delay, and ¢, is exp(—speed). Combining the
nonlinear mixed effect model with the Gompertz function, each ob-
servation can be represented as follows:

Yij =f(¢.‘, [ij) +ej =y eXP{“f’zi‘i’%} +€; (4)

where the mixed effects are ¢;=[d1; ¢z ¢ail'=B+b; the fixed
effects are B=[f3, £; (]", and the random effects for each subject
i are b;=[b;; by 0]". We set one of the random effects to zero to re-
duce the number of random effects in the model. As we only have a
maximum of three time points per subject, including an additional
random effect may cause the matrix ¥ to be rank-deficient (singular)
and thus create problems in the estimation of the parameters.

f(B., 1)
f(B, 1
f(B, 1)

! t t

Flg. 3. Effect of varying the three parameters of the Gompertz function. The red curve
shows the reference curve where parameters are held fixed. Left to right: the dashed
blue curves show the effect of increasing values of f3;, 3, and {3 associated with
asymptote, delay and speed, respectively.

Model estimation

Different methods have been proposed to estimate the parameters
as shown in Eq. (4). Since random effects are unobserved quantities,
we use the marginal density of responses y to obtain the parameters
of the nonlinear mixed effects model. The following maximum likeli-
hood estimation is performed to obtain the parameters of Eq. (4):

vi: P (w8, ¥.0%) = [p(vi,18, b1, %, 07 ) p(by)db; 5)

Due to nonlinearity presented in the random effects of function f,
there is generally no closed form solution to the integral. Here, we
use the estimation method proposed by Lindstrom and Bates (1990)
using the nlme package (Pinheiro et al, 2012) in R? to obtain the
model parameters. This algorithm iterates between two steps: a pe-
nalized nonlinear least square step and a linear mixed effects step
until convergence,

Inference and predictions
Under the linear mixed effects approximation, the distribution of
maximum likelihood estimators 3 of the fixed effect is:

M =1
fA~N (ﬁ. o [z)‘:z'; 'Ri] ) (6)
(]

. =] 5 =T3T a1, 5 ;| . :
where 3 =1+2A7'A72], X, =ar{r|rw.' 2, :a{?,,-,b'. and A is the

precision factor such that W' = o~2ATA (Pinheiro and Bates, 2000).

Knowing fixed parameters 3 and its sampling distribution, it is
straightforward to conduct hypothesis testing among different regions
or between healthy and/or at-risk populations, We can also obtain
individual growth trajectories based on the estimated random effects
for each individual. For example, the individual response for subject i
is ¥; = f(B + b;, t), and the population growth trajectory is estimated
when random effects are set to their mean value, 0, resulting in

¥y =fB1.
Regional analysis of longitudinal data using NLME

We use the nonlinear mixed effects to model the longitudinal
DTI data within anatomical regions and perform hypothesis testing
between trajectories of these regions. Maps of these anatomicat
regions were developed and disseminated by Mori et al. (2008),
and mapped to our unbiased atlas via linear followed by nonlinear
B-spline registration (Rueckert et al., 1999). We select 13 anatomical
regions in the atlas space as shown in Fig, 4. In this study, left and
right regions of anatomical locations are combined, giving a total of

3 http://r-project.org.
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eight regions. Future studies on lateralization of growth differences
will analyze left and right regions separately. The labeling of regions
in the atlas space allows automatic partitioning of each subjects’
scans into the different anatomical regions. We then estimate growth
trajectories for these regions using the NLME model (Lindstrom and
Bates, 1990) described previously. The mixed parameters are the
asymptote ¢y, delay ¢, and speed ¢5 of the Gompertz function for
each region, which requires a slight modification to Eq. (4) to account
for regions:

Yrij =f(¢rh fij) e =di EXP{ —‘¢2ri¢3rilij} +ej. (7

We then conduct hypothesis testing between pairs of regions to de-
termine modes of longitudinal changes in terms of the Gompertz growth
parameters, With N number of regions, we perform %! pairwise fitting
of nonlinear mixed effect modeling. The significant parameters are
determined through t-tests, corrected for multiple comparisons by
Bonferroni correction. The parameters that are found to be significant

between two pairs of regions can be interpreted as the distinguishing
feature between the longitudinal trajectories of these regions.

Results

We applied our framework to longitudinal pediatric DTI data of
26 subjects. In total, we selected 13 regions in the unbiased atlas as
shown in Fig. 4. The regions are as follows: anterior limb of internal
capsule (right and left; ALIC), posterior limb of internal capsule
(right and left; PLIC), genu, body of corpus callosum (BCC), splenium
(Sp), external capsule (right and left; ExCap), retrolenticular part of
internal capsule (right and left; RLIC), and posterior thalamic radia-
tion which includes optic radiation (right and left; PTR). The right
and left of each anatomical region were combined giving a total of
eight regions. Fig. 5 plots the average FA, MD, RD, and AD of each
region for each subject. In all the regions, FA increases with age,
whereas MD, RD and AD decrease with age. Interestingly, each region
develops in a distinctly different temporal pattern.

ExCap

White matter anatomical structures

External Capsule

Anterior limb of internal capsule

Posterior limb of internal capsule
Retrolenticular part of the internal capsule
Posterior thalamic radiation

Genu of Corpus Callosum

Splenium of Corpus Callosum Sp
Body of Corpus Callosum

ALIC
PLIC
RLIC
PTR
Genu

BCC
ExCap

Flg. 4. White matter anatomical labels that are used for regional analysis. Labels are overlaid on the FA (Fractional Anisotropy) map of the reference space that is the population atlas.
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Fig. 5. Plots of diffusivity measures (FA, MD, AD and RD) versus age, shown for 26 control subjects and eight regions. Colors indicate different regions (purple: ALIC, light green:
ExCap, brown: Genu, blue: PLIC, dark green: PTR, red: RLIC, yellow: Sp, orange: BCC), solid lines connect the mean of each region. In all the regions, FA increases with age, whereas
MD, RD and AD decrease with age, Interestingly, each region develops in a distinctly different temporal pattern,

Paired t-tests of growth trajectories were performed for all combi-
nation of pairs of regions for all the diffusion parameters, The results
of all pairwise comparisons can be found in Table 3 in Appendix B.
Differences in parameters 3, and 3, were significant between most
pairwise comparisons among diffusion parameters, whereas £3; was
only significant in a few regions: genu, splenium, and body of corpus
callosum, and mostly when considering the RD or MD measurements,
Genu was the only structure that was significantly different than
all the other regions in the 3; parameter of RD and MD. This region
decreased in MD and RD at a slower rate compared to all the other re-
gions. We didn't find any pattern that was consistent among different

parameters and different measurements since each parameter mea-
sures a different aspect of growth. Interestingly, we noticed some
pairwise comparisons with significant differences in 3, parameter be-
tween AD and RD trajectories, but no differences in MD (ALIC vs. PLIC,
Genu vs. ExCap). This happens when reverse temporal patterns are
seen for AD and RD, suggesting that analysis of AD and RD may reveal
much better insight into maturation than MD alone.

In this section, we focus on PLIC/ALIC, body of corpus callosum
(BCC), and splenium comparisons as examples of commissural and
projection fibers. These regions are known to have a distinctive mat-
uration pattern and axonal density. The PLIC is one of the structures
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Fig. 6. Population and individual growth trajectories for PLIC and ALIC regions. Thicker curves illustrate the average growth trajectories, and individual tra]ectorles are shown via the
red and biue functions of individual subjects for ALIC and PLIC, respectively. Gompertz parameters with statistically significant differences are: FA: 131 ,Bz MD: 3%, RD: ﬁ** Y,
AD: (37, where * denotes p<0.05, ** denotes p<0.01 and where f3;, 3; and J; represent asymptote, delay and speed.
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Flg. 7. Population and individual growth trajectories for the body of the corpus callosum (BCC, blue) and the splenium (Sp, red). Thick curves are the average growth trajectories.
Gompertz parameters with significant differences are: FA: 317, /427, MD: 337, RD: 17, 57, AD: 31, whiere * denotes p<0.08, ** denotes p<0.01 and where /4, i and 3, represent

asymptote, delay and speed, respectively.

that shows early myelination, whilc ALIC shows later maturation com
pared to PLIC as is shown in higher FA, and lower RD and MD. Fig. 6
shows the population and individual trajectories of FA, MD, RD and
AD as modeled by Nonlinear Mixed Effect for ALIC/PLIC. As expected,
the PLIC shows a higher FA compared to ALIC at birth mainly explained
by lower RD. After about 800 days both regions have the same MD and
similar FA and RD values. However, the ALIC shows a higher AD com-
pared to PLIC, possibly indicating a different structuring of this tract re-
gion, The delay parameter of the Gompertz function (3, was significantly
different between ALIC and PLIC for FA, MD, and RD measurements, an
indication of later development of ALIC compared to PLIC. Also, the as-
ymptote {3; was significantly different for FA, RD and AD.

The body of the corpus callosum (BCC) and splenium (Sp) are known
to have very limited myelination at birth but higher axonal density
compared to ALIC and PLIC, and the splenium shows earlier myelination
compared to BCC (Rutherford, 2002). Fig. 7 shows population and individ-
ual growth trajectaries for the body of the corpus callosum and splenium,
The splenium shows higher FA at birth and also throughout the first two
years, while RD is about same at birth, but diverges at two years. Reverse
patterns are seen for AD and RD at about two years, which causes MD to
be about the same, All three parameters of the Gompertz function for RD
were significantly different between BCC and Splenium, suggesting that
RD may capture early maturation patterns more sensitively than the
other measures. The asymptote parameter was significantly different
among all the measurements between these two regions.

Fig. 8 shows FA, RD and AD of PLIC (shown in blue) compared to
the other three regions ALIC, BCC, and Sp (shown in red), In this fig-
ure, solid lines are the average estimated growth trajectories for
eaclt tegion, the shaded regions are the 95% confidence interval of
these average curves. Monte Carlo simulation was used to generate
1000 curves based on the approximate distribution of the maximum
likelihood estimates of fixed effects. The 95% range of these curves
are calculated pointwise to obtain the confidence interval. The dashed
lines show the 95% predicted interval which is also calculated based
on the Monte Carlo simulation of 1000 curves based on the approxi-
mate distribution of both fixed effects and random effects.

The splenium shows a high RD at hirth relative to PLIC, by about
800 days however, both regions have approximately the same RD

value as shown in Fig. 8. The splenium has very limited myelination
at birth, while the PLIC is known to have a higher level of myelination
at this time of development. These facts are evident in the difference
in RD at birth between splenium and PLIC. At age two, however, the
splenium shows approximately the same RD value, indicating that it
catches up with PLIC.

The values of Gompertz parameters for all the regions and ail diffusiv-
ity measures are shown in Fig. 9. Each region shows a distinct pattern of
development as is depicted by the 3;, %, and {3; parameters of Gompertz
function. As indicated in the section ‘Model formulation’ the parameters
B, B2, and S35 represent asymptote, delay and speed, respectively, When
B1:Ra>Rg, Lhe expecied value of dilfusion pataielers fur tegion A is
higher than region B at year 2. When 3, :|Ra| > |Rg|, region Rg matures
earlier compared to R4 The scenario £33:Ra>Rjp indicates accelerated
growth for R compared to R, Note that the delay parameter is negative
for RD, AD and MD measurements as these values decrease during early
brain development, where as the delay parameter is positive for FA as
fractional anisotropy increases during this time period.

Discussion

Assessment of brain growth patterns in these regions reveals a
nonlinear pattern of maturation with considerable regional variation
as shown in previous studies (Hermoye et al, 2006; Mukherjee
et al,, 2001; Schneider et al.,, 2004). In agreement with previous stud-
ies, increased FA and decreased MD, AD, RD were observed within all
the white matter regions during this period (Forbes et al., 2002;
Mukherjee et al., 2001; Schneider et al, 2004; Zhang et al.,, 2005).
This longitudinal pediatric study supports a rapid change during the
first 12 month followed by slower maturation during the second
year similar to previous studies (Geng et al., 2012; Hermoye et al,,
2006). Our study, in addition to supporting earlier cross-sectional re-
ports on negative correlation between age and diffusion parameters,
provides greater statistical power to examine nonlinear pattern of
maturation in various white matter regions.

Beyoud e analysis of FA and MD measurements, in this study
we included RD and AD analysis of these white matter regions. The
regional comparisons of white matter regions indicates that
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Fig. 8. PLIC (blue) compared to three ather regions. Left column: ALIC (red), middle column splenium (red) and right column BCC {red). Solid curves are the estimated growth tra-
jectories, the 95% confidence interval of the curves are shown as shaded regions, The dashed lines show the 95% predicted Intervals for each region. Gompertz parameters with
statistically significant differences are the following: ALIC vs. PLIC: FA: (577, 337, RO: (31, 527, AD: 81, PLIC vs. Sp: FA: (87, RD: 35, AD: 31, £33, PLIC vs. BCC: FA: 11", 3", RD: 35,
where * denotes p<0.05, ** denotes p<0.01, and 3, 3> and §3; represent asymptote, delay and speed, respectively.

individual AD and RD carry important information which may not be
found in the MD diffusivity measures, The relationship of AD/RD and
FA is complex and nonlinear, but our data suggest that modeling FA,
AD, RD as time trajectories provides more information than only FA
as illustrated in Figs. 6 and 7.

For example, FA of splenium and PLIC are approximately the same
values at birth, yet we know that the splenium is not myelinated at
birth, and we see the significant differences of RD between these
regions, The high FA value of the splenium at birth may be due to
its high density of axons. This discussion of FA for PLIC and sptenium
clearly reflects that FA is not necessarily a good indicator for the de-
gree of myelination and may be greatly influenced by axonal density
particular to this developmental interval (LaMantia and Rakic, 1990).
In contrast, the similarity of FA trajectories for PLIC and splenium, for
which we see very different AD and RD patterns and thus different
tensor shapes, illustrates that interpretation of FA with respect to
myelination and structural integrity is difficult, and that the addition-
al AD and RD measures provide richer information.

Modeling the nonlinear growth changes of white matter by the
Gompertz function and inclusion of AD and RD to the analysis provides
amore detailed and comprehensive picture of the changes within these
white matter regions. Compared to previous studies of linear fitting with
logarithm of age (Chen et al., 2011; Faria et al., 2010; Lobel et al., 2009)
we fit the nonlinear growth curves (Gompertz function) to the diffusion
data and actual age, this enables the parameterization of the trajectories
in terms of asymptote, delay and speed and models nonlinear temporal
changes with improved accuracy. Based on our finding, the delay pa-
rameter of the Gomipertz function, 3, of RD seems to be closest related

to myelination process if we compare results to what is known from
the literature. Looking at RD and (3, delay parameter of the Gompertz
function as is shown in Fig. 9, we see a good correspondence with previ-
ous radiology findings, such as in Rutherford (2002). In fact, RD has been
considered to be in correspondence with histological changes in demy-
elination (Song et al, 2002). Table 2 compares our findings versus
existing knowledge from radiology literature, which indicates develop-
ment of PLIC prior to ALIC, and splenium prior to genu which is also con-
sistent with previous histological findings (Brody et al., 1987; Kinney
et al,, 1988).

Our framework is designed not only to provide qualitative compar-
isons, but to give researchers and clinicians quantitative parameters and
a statistical testing scheme. Moreover, the method includes modeling of
growth trajectories of individuals, resulting in personalized profiles.
This property will be crucial for efforts to improve prediction and diag-
nosis for individuals, as well as partitioning groups of subjects according
to subtypes and subtle variations in early developmental trajectories.
Models which assume invariance or linearity between neurobehavioral
markers are apt to miss crucial shifts in development (Shaw et al., 2006;
Thomas et al.,, 2009). The ability of the present framework to capture
the dynamic properties of inter- and intra-individual development has
the potential to substantially improve clinical applications of develop-
mental neuroimaging.

There are some limitations to our proposed framework, Our analysis
depends on accurate image registration among all the subjects and time
points, Early brain development is characterized by a rapid change of
contrast and size of the brain, which makes registration a challenging
task, However, in this study we decided to use ROI defined regions
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Fig. 9. Gompertz parameters RD, AD, MD and FA, from top to botterm. Left to right: 8, is the asymptote parameter of the Gompertz function (blue), 3, is the delay parameter (green),
and B3 is related to the speed (purple). The delay parameter is negative for RD, AD, and RD as the estimated model represents a decreasing Gompertz function, whereas the FA delay
parameters are positive since FA values increase during development. When f3;:Rs>Rg, the expected value of diffusion parameters for region A is higher than region B at year 2.
When 3;:|Ra| > |Rg|, region Rg matures earlier compared to Ry, f3:Ra> Rp indicates accelerated growth for Ry compared to Ry

Table 2 which we expect to be more robust to misregistration compared to
Relative order of appearance of myelin from term to 2 years. voxel-based analysis, and these regions are located more interiorly
Distribution of myelin as seen in Estimated based on whe.re we expect les.s registre.ltion. problems. Nonetheless, improved
TIW and T2W by Rutherforld RD delay parameter 3, spatial registration will potentially improve the accuracy of the model.
PLIC and optic radiation PLIC, PTR and ExCap Anot.her llmltanop is thaF the statistical anfxlysns is based on the log-
ALIC ALIC and BCC likelihood of nonlinear mixed effects modeling, which does not have a
Not avatlable RLIC clused forn solution. We have used a linear mixed effect approxima-
(S:P'e'““'“ ZP'E“'“m tion, so greater care should be taken when doing hypothesis testing
enu enu

with the estimated parameters.
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In the future, we plan to extend our method to tract-based regions
with modeling along the tract changes. We also plan to extend the
model to multivariate growth function similar to (Xu et al., 2008)
and include a much larger set of regions for analysis.

Conclusions

We have presented a framework for the processing of longitudinal im-
ages in order to characterize longitudinal development of white matter
regions at both the individual and group level. By utilizing nonlinear
mixed effects modeling, we jointly estimate the population trajectory
along with each individual trajectories. Gompertz parameterization of dif-
fusion changes provides an intuitive parameterization of growth trajecto-
1y in terms of asymptote, delay and speed. This provides a description of
longitudinal changes with potential for detecting deviations from a typical
growth trajectory sensitive to multiple neurodevelopmental phenomena
We have also presented a method for making inference about regional
differences in diffusion properties known to vary by microstructural prop-
erties and developmental course (Dubois et al., 2008; Kinney et al., 1988;
LaMantia and Rakic, 1990; Lebel and Beaulieu, 2011). This is in contrast to
standard modeling and analysis of testing for group or regional differ-
ences as it reveals the type, timing, and nature of differences. The pro-
posed analysis can be extended to an arbitrary number of regions, and
applied to other measurement such as structural MRIL

As discussed in the previous section, the present study clearly
illustrate that studying FA alone as an indicator of white matter matura-
tion or integrity insufficiently characterizes structural properties of
white matter and may produce misleading results as regions with very
different axonal density and differing degrees of myelination may
show similar FA values, We suggest that in addition to FA, studies should
include statistical analysis of AD and RD, which provide important addi-
tional information to better explain FA measures. In regard to early mat-
uration, we demonstrate that the radial diffusivity (RD) measure and
the delay parameter 3, of the Gompertz function seem to be the best
combination to describe early brain maturation. We will further explore
this in applying our framework to DTI of infants with developmental
delay and myelination storage disorders such as Krabbe’s disease.
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Appendix A. Summary of registration parameters
Intra-subject and inter-modality registration

We use the IRTK software (Rueckert et al., 1999) to perform intra-
subject and inter-modality registration. The registration method is a
multi-scale approach using B-spline transformation, where we use
the normalized mutual information image match metric. We use
three different scales and discretize the image intensity histograms
into 64 bins. In this study, the B-spline transforms are parametrized
using 14x 14x 14 control points.

Inter-subject registration

We construct an unbiased atlas (Joshi et al., 2004) and the associated
inter-subject registration using the Large Deformation Diffeomorphic
Metric Mapping (LDDMM) (Miller et al, 2002) that minimizes the
following objective function;
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where [ is the image atlas, /; is the image of subject i, ¢ is the mapping
relating subject i to the atlas that is parametrized using the velodity v;.
Regularity of the mapping ¢ is enforced by minimizing

Wvell? = (Lv, v),L = av? + BV + v ©)

Table 3

Results of pairwise testing of all white matter regions and all diffusivity measures,
Gompertz parameters with significant differences are denoted by * for p<.05 and ** for
p<.01. Non significant parameters are indicated by “ns".
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