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Abstract

The third trimester of pregnancy is a period of rapid development of fiber bundles in the
fetal white matter. Using a recently developed motion-tracked slice-to-volume registration
(MT-SVR) method, we aimed to quantify tract-specific developmental changes in apparent
diffusion coefficient (ADC), fractional anisotropy (FA), and volume in third trimester healthy
fetuses. To this end, we reconstructed diffusion tensor images from motion corrected fetal
diffusion magnetic resonance imaging data. With an approved protocol, fetal MRI exams
were performed on healthy pregnant women at 3 Tesla and included multiple (2-8) diffu-
sion scans of the fetal head (1-2 b = 0 s/mm? images and 12 diffusion-sensitized images at
b = 500 s/mm?). Diffusion data from 32 fetuses (13 females) with median gestational age
(GA) of 33 weeks 4 days were processed with MT-SVR and deterministic tractography
seeded by regions of interest corresponding to 12 major fiber tracts. Multivariable regres-
sion analysis was used to evaluate the association of GA with volume, FA, and ADC for
each tract. For all tracts, the volume and FA increased, and the ADC decreased with
GA. Associations reached statistical significance for: FA and ADC of the forceps major; vol-
ume and ADC for the forceps minor; FA, ADC, and volume for the cingulum; ADC, FA, and
volume for the uncinate fasciculi; ADC of the inferior fronto-occipital fasciculi, ADC of the
inferior longitudinal fasciculi; and FA and ADC for the corticospinal tracts. These quantita-
tive results demonstrate the complex pattern and rates of tract-specific, GA-related micro-

structural changes of the developing white matter in human fetal brain.

KEYWORDS
developing white matter, diffusion tensor imaging, diffusion weighted MRI, fetal brain, fetal
MRI, tractography, tract-specific analysis, white matter microstructure

1 | INTRODUCTION

The third trimester is a period of rapid fetal brain growth and refinement
of the neural networks, as a prelude to postnatal life (Guihard-Costa &
Larroche, 1992; Kyriakopoulou et al., 2017). MRI volumetric analyses
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show that the rate of growth of the supratentorial brain ranges from
10 to 17% per week between the 22nd and 38th postconceptional
weeks (Clouchoux, Guizard, Evans, du Plessis, & Limperopoulos, 2012;
Kyriakopoulou et al., 2017; Scott et al., 2011). Fast growth renders the
developing brain vulnerable to injury. Multiple studies have shown
impaired global and regional cerebral development as a result of insults
or decreased substrate delivery during these early stages of development
(Bouyssi-Kobar et al, 2016; Chang et al., 2011; Jaimes et al., 2018;
Ortinau et al., 2018). Accordingly, validation of new tools that can iden-
tify abnormalities and localize them to known anatomic structures would
greatly enhance our ability to prognosticate postnatal outcomes.

Understanding normal white matter development in the third
trimester is of critical importance for neuroscience and neurology. The
complex network of structural connections that arise in this period will
shape functional connectivity and high order neurocognitive functions
for the life span of an individual (Ferradal et al., 2019; Hagmann
et al., 2006). It is also during this period that regional variability starts to
arise, favoring maturation of networks that support functions early in
life (e.g., vital reflexes in the dorsal brainstem, sensory input) (Guihard-
Costa & Larroche, 1992; Kostovi¢c & Jovanov-Milosevié, 2006;
Kyriakopoulou et al., 2017; Scott et al., 2011). The oligodendrocyte pre-
cursor cells, which are abundant in the second half of pregnancy, are
extremely vulnerable to injury which can lead to conditions such as per-
iventricular leukomalacia (often manifesting clinically as cerebral palsy).
Despite the latter, little is currently done to analyze tract specific white
matter changes in the fetal brain in vivo; and that is mainly because of
the technical challenges in imaging the fetus.

Diffusion tensor imaging (DTI) is an established tool to evaluate
white matter anatomy, microstructure, and maturation. Postnatally,
DTI has been used to characterize white matter changes from early
infancy into late adulthood using scalar maps and tractography
(Mukherjee et al., 2002; Watanabe, Sakai, Ozonoff, Kussman, &
Jara, 2013; Zollei, Jaimes, Saliba, Grant, & Yendiki, 2019). Due to the
many technical challenges of performing DTI of the gravid abdomen
(artifacts, low SNR, fetal motion, maternal respiration), diffusion imag-
ing of the fetus remains difficult. Several groups, including Zanin
et al. (2011); Kasprian et al. (2013); Song et al. (2015); Mitter, Prayer,
Brugger, Weber, and Kasprian (2015); and Mitter, Jakab, et al. (2015),
have demonstrated the feasibility of performing fetal tractography
in vivo. However, these studies did not seek a technical solution for
the inherent challenges of the acquisition, in particular fetal motion,
which dramatically reduces the success rates, the quality of the fiber
tracking, and the accuracy of quantitative diffusion metrics. Further-
more, many of the fetuses imaged in the previous studies had abnor-
malities, which precludes proper analysis of development-related
changes and utilization of these data as normative reference.

Marami et al. (2017) introduced a postprocessing algorithm that
(a) performs temporal slice-to-volume registration (SVR) using a robust
state space model to compensate for the fetal motion during acquisi-
tions, by putting data from MRI slices back into their correct relative
locations, (b) detects and rejects data corrupted by intraslice motion,
and (c) generates high-resolution motion-corrected DTl from high-

quality, transformed slices. This approach has been recently used to

create a spatio-temporal DTI atlas of the fetal brain that characterizes
global developmental trajectories in great detail Khan et al. (2019).

In this study, we hypothesize that fetal DTI processed with this novel
motion correction approach will enable robust region of interest (ROI)-
based deterministic tractography that can demonstrate tract-specific

developmental trajectories in a cohort of typically developing fetuses.

2 | METHODS

2.1 | Subjects

This HIPPA compliant study was approved by the Institutional Review
Board. A retrospective analysis was performed on MRI previously
acquired for other research studies, where written informed consent
was obtained from all subjects. Inclusion criteria were: maternal age
18-45 years, GA of at least 18 weeks gestation. Exclusion criteria
were: (a) maternal contraindication to MRI, (b) known congenital
infection in the fetus, (c) known or diagnosed brain or other organ
abnormalities in the fetus, (d) chromosomal abnormalities, and
(e) multiple-gestation pregnancy. For this study, we only included MRI

data acquired during the third trimester.

2.2 | Image acquisition and processing

Subjects underwent imaging without sedation or breath holding. Subjects
were scanned on 3 Tesla (T) MRI scanners (Skyra or Prisma, Siemens
Medical Solutions, Erlangen, Germany) using a body array of 18 channels.
Structural imaging protocol comprised multiple T2-weighted (T2w) Half-
Fourier Single Shot Turbo Spin Echo scans of the fetal brain in orthogonal
planes obtained with: TR = 1,400-2,000ms, TE = 100-120 ms,
0.9-1.1 mm in-plane resolution, 2 mm thickness with no interslice space,
acquisition matrix size = 256 x 204, 256 x 256, or 320 x 320 with two-
or four-slice interleaved acquisition. Diffusion imaging protocol com-
prised two to eight scans, each along one of the orthogonal planes with
respect to the fetal head. In each scan, 1 or 2 b = 0 s/mm? images, and
12 diffusion-sensitized images at b = 500 s/mm? were acquired. Acquisi-
tion parameters were: TR = 3,000-4,000 ms, TE = 60 ms, in-plane resolu-
tion =2 mm, slice thickness = 2-4 mm.

Structural data were processed applying an automatic motion-
robust SVR that resulted in a 3D Isotropic intensity normalized T2w
reconstruction of the fetal brain (Kainz et al., 2015). The diffusion data
were then processed using a previously validated SVR algorithm with a
motion trajectory estimation framework, referred to as motion-tracked
SVR (MT-SVR) (Marami et al., 2017). This algorithm registered every
diffusion-sensitized image into a common space (to the reconstructed
T2w image) and estimated a diffusion tensor model at every voxel using
motion-compensated data. The estimated diffusion tensor images were
then processed using the Diffusion Toolkit (Version 0.6.4.1, Athinoula
A. Martinos Center for Biomedical Imaging, Massachusetts General Hos-
pital, Boston, MA) with a deterministic fiber assignment by a continuous

tracking algorithm (35° angle threshold; no apparent diffusion coefficient
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[ADC] or FA threshold) to perform tractography by user-defined ROI.

The average time of each DTl acquisition was 1 min 40 s.

2.3 | Image segmentation and analysis

To draw ROIs, we used TrackVis (Trackvis 0.6.1 Athinoula A. Martinos
Center for Biomedical Imaging, Massachusetts General Hospital). To seg-
ment each tract, a trained research fellow (F. M.) placed the ROls on ana-
tomically relevant landmarks adjusted from the previous description by
de Macedo Rodrigues et al. (2015), using a combination of T2-w
reconstructed images and scalar diffusion maps (trace and ADC). Both
inclusion and exclusion ROIs were used, as appropriate. A pediatric neu-
roradiologist (C. J.) with 5 years of experience in fetal imaging reviewed
and adjusted the ROls. For each tract and subject, we exported tract vol-
ume, fractional anisotropy (FA), and ADC. We segmented 12 tracts: for-
ceps major, forceps minor, right and left inferior fronto-occipital
fasciculus (IFOF), right and left inferior longitudinal fasciculus (ILF), right
and left cingulum, right and left uncinate fasciculus (UF), and right and
left corticospinal tracts (CST). We also estimated the average magnitude
of motion for each subject using the motion parameters obtained from
the temporal motion tracking method.

To estimate intraobserver agreement the neuroradiologist per-
formed the same segmentation process in 10% of subjects (without
assistance) at least 2 months after the original segmentations were
refined, to avoid recall bias.

24 | Statistical analysis

We used means of central tendency to evaluate the population and

describe the results of the tractography analysis. Level of

FIGURE 1 Results of in vivo
tractography analysis of fetuses at
29 weeks and 3 days (a-c), 32 weeks
and 5 days (d-f), and 36 weeks and

1 day (g-i) gestational age. The
forceps minor (yellow), the forceps
major (purple), and the superior
cingulum (red) are depicted in figure
parts (a,d,g). The corticospinal tracts
(blue) and the uncinate fasciculi (pink)
are depicted in figure parts (b,e,h). The
inferior longitudinal fasciculi (orange)
and the inferior fronto-occipital
fasciculi (green) are depicted in figure
parts (c,f,i)

significance was set at an a value of .05 for all tests. A multivariable
linear regression analysis was used to evaluate the association of GA
with tract volume, FA and ADC, accounting for sex, the estimated
average magnitude of motion, and the side of the tract (right or left
for tracts with double representation). Interobserver agreement was
estimated using a two-way mixed-effects model intraclass correla-
tion coefficient (ICC).

3 | RESULTS

3.1 | Sample characteristics

Fifty subjects met the criteria for inclusion; 18 of these subjects were
excluded on the basis of: image distortion or artifacts (n = 12), failure
to identify all of the evaluated tracts (n = 3), failure of image recon-
struction (n = 2), and incomplete clinical data (n = 1). Tractography
was successful in the remaining subjects (n = 32), 19 of whom were
male and 13 were female. The median GA was 32 weeks and 4 days
old (interquartile range 5 weeks and 1 day); the youngest subject was

28 weeks old and the oldest was 36 weeks and 6 days old (Figure 1).

3.2 | Commissural tracts

Increasing GA was associated with increasing FA in the forceps major
(p =.048), decreasing ADC in the forceps major (p =.016), and
increasing volume in the forceps minor (p = .035). Volume in the for-
ceps major and FA in the forceps minor showed a trend toward
increase with GA and ADC in the forceps minor showed a trend
toward decrease with GA, although these did not reach statistical sig-

nificance (p > .082) (Figure 2a,b) (Table 1). We also found a significant
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FIGURE 2 Changes in volume, FA, and ADC with GA of forceps major (2a) and minor (2b) of the corpus callosum, UF (2c), cingulum (2d), ILF
(2e), IFOF (2f) and CSTs (2 g). Fitted linear regression models controlling for sex, motion, and laterality (when applicable) for tract volume, FA, and
ADC. 95% confidence intervals of fitted models are shown in gray. ADC, apparent diffusion coefficient; CST, corticospinal tract; FA, fractional
anisotropy; IFOF, inferior fronto-occipital fasciculus, ILF, inferior longitudinal fasciculus; UF, uncinate fasciculus
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FIGURE 2 (Continued)

relationship between absolute motion and higher ADC in the forceps
minor (p =.025). There was no association between sex and the
parameters evaluated in either tract (all p > .445).

3.3 | Association tracts

For the UF and cingulum, there was a significant increase in volume
(p =.033 and p =.012, respectively) and FA (p =.043 and p <.001,
respectively) with GA, and a decrease in ADC (p <.001 and p =.001,
respectively) with GA (Figure 2c,d) (Table 1). However, in the IFOF and
the ILF, only the inverse relationship between ADC and GA reached
statistical significance (p = .008 and p = .003, respectively) (Figure 2e,f)

32
Gestational age (weeks)

34

32 34
Gestational age (weeks)

(Table 1); volume and FA in the IFOF and ILF trended toward and
increase with GA, without reaching significance. Higher estimated
absolute motion was significantly associated with higher ADC in the
ILF (p =.047), and lower FA in the IFOF (p =.012). Of all tracts, only
the ADC of UF was associated with laterality (0.0000725 mm?/s more
in right-sided tracts, p = .017). There was no association between sex
and the parameters evaluated for any of the tracts (all p > .081).

3.4 | Projection tracts

For the CST, there was a significant increase in FA (p < .001) with GA and
adecrease in ADC (p = <.001) with GA. There was a trend toward increase
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Forceps major
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Association tracts
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Cingulum
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IFOF

Projection tracts
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GA regression coefficients [p value]

TABLE 1 Volume, FA, and ADC rate
of change for GA, accounting for sex and

Volume (ml/week)

0.0450898 [.460]
0.2051243 [.035]*

0.0362653 [.033]°
0.0455081 [.012]*
0.1017471 [.129]
0.1016163 [.065]

0.0504272 [.169]

FA (units/week)

0.0053362 [.048]*
0.0032402 [.220]

0.0025293 [.043]*
0.0073717 [<.001]*
0.0020341 [.102]
0.0020171 [.098]

0.0071398 [<.001]*

ADC (mm?/s/week) motion
—0.0000243 [.016]7
—0.0000158 [.102]

—0.0000235 [<.001]®
—0.0000192 [.001]?
—0.0000169 [.003]?
—0.0000156 [.008]*

—0.0000208 [<.001]?

Note: Multiple linear regression of GA and volume, FA and ADC, accounting for sex, magnitude of motion

and laterality (for association and projection tracts). p-Values are displayed.

Abbreviations: ADC, apparent diffusion coefficient; CST, corticospinal tract; FA, fractional anisotropy; GA,
gestational age; IFOF, inferior fronto-occipital fasciculus, ILF, inferior longitudinal fasciculus; UF, uncinate

fasciculus.
Statistical significance at alpha of .05.

in volume with GA which did not reach statistical significance (p = .169)
(Figure 2g) (Table 1). There was no association with sex, estimated abso-
lute motion, and laterality with any of the parameters (all p > .258).

Data for mean volume, FA, and ADC by tract are available in sup-
plementary Table S1.

3.5 | Interobserver agreement

A sample of four subjects (48 tracts) corresponding to 13% of subjects
had a two-way mixed ICC between readers of 0.788 (95% Cl .621-.881)
(F =4.71, p <.001) for volume, 0.923 (95% Cl .863-.957) (F = 12.99,
p < .0001) for FA, and 0.982 (95% Cl .967-.990) (F = 54.63, p < .001) for
ADC. All of the evaluated tracts were successfully identified in both
attempts at segmentation. Data for specific tract ICC are available in sup-
plementary Table S2.

4 | DISCUSSION

Historically, the technical challenges that exist in imaging the gravid
abdomen have limited the study of emerging cerebral connectivity with
DTl in the fetus. In this study, we utilized diffusion data processed with a
recently introduced MT-SVR algorithm to perform deterministic
tractography in TD fetuses in the third trimester. The MT-SVR algorithm
estimates and corrects the relative position of every acquired slice by
modeling the dynamics of fetal motion estimated directly from slices,
detects and removes data that are adversely affected by intraslice
motion, and reconstructs diffusion tensor images with high spatial reso-
lution. The MT-SVR reconstructed DTl data resulted in successful
tractography in a high percentage of subjects (64%) in this study. Our
tractography analysis revealed a complex process of gestational age

(GA)-related and tract-specific changes in volume, FA, and ADC that lay
the foundation for the developmental landscape of the brain at birth and
for the developmental trajectories that follow in the first years of life.

The results of our tractography analysis are consistent with the
expected anatomy of known white matter pathways based on adult and
neonatal tractography (Kaur, Powell, He, Pierson, & Parikh, 2014; Zéllei
et al., 2019) and with other studies from in vivo fetal tractography by
Mitter, Jakab, et al. (2015), Song et al. (2018), and Kasprian et al. (2013),
as well as ex vivo fetal tractography (Song et al., 2015). The use of the
MT-SVR reconstructions enabled a high success rate of reconstructions
of individual tracts; from the initial cohort of 50 patients, we identified all
tracts in 32 subjects. We purposedly excluded subjects for whom a tract
was missing or those where artifacts degraded the reconstruction. In
doing so, we maximized the potential of using this unique cohort of typi-
cally developing fetuses to study normal emerging cerebral connectivity.
Our success rate compares favorably to that reported by Mitter et al. that
ranged between 23 and 100% depending on the tract of interest and on
the GA (Mitter, Jakab, et al., 2015); in addition, many of these studies
only acquired the DTI sequence in fetuses that remained still during the
MRI whereas we acquired DTI in all subjects independent of fetal
motion. Although we did observe some differences in the fiber tracking
between individuals of similar GAs, these were minor and similar to those
observed in newborn tractography where constraints of spatial resolu-
tion and motion occur frequently (Z6llei et al., 2019).

We found an age-related increase in FA and decrease in ADC in
all tracts, although the trend did not reach statistical significance for
every tract. This observation is consistent with the findings from
in vivo tractography (Mitter, Jakab, et al., 2015), ex vivo tractography
(Song et al., 2015), and atlas-based analyses (Khan et al., 2019). Impor-
tantly, the ADC and FA values and the rate of change varied between
tracts, resulting from a complex amalgam of tract-specific microstruc-

tural changes. A differential rate of white matter development
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postnatally has long been recognized and attributed to early matura-
tion of brain networks that are needed to support vital functions
(Geng et al., 2012). Our results build upon these observations by dem-
onstrating that differential developmental trajectories exist during the
third trimester and that analogous to postnatal development, these
localize to anatomically and functionally distinct white matter path-
ways. For example, the CST showed high FA, low ADC, and rapid age-
related changes relative to other tracts. These trends correlate with
known myelination milestones late in pregnancy and with the devel-
opmental stage of the human brain at term, where the posterior limb
of the internal capsule and the perirolandic white matter (which corre-
spond to the CST) are some of the few myelinated supratentorial
white matter tracts at term (Barkovich, Kjos, Jackson, &
Norman, 1988; Brody, Kinney, Kloman, & Gilles, 1987; Kinney, Brody,
Kloman, & Gilles, 1988). On the other hand, tracts that demonstrate
low ADC, FA, and slow rate of change such as the UF, ILF, and IFOF,
correspond to nonmyelinated white matter tracts at term on diffusion
and structural images (Kaur et al., 2014).

An interesting observation from our tractography analysis is that
changes in volume and microstructural parameters are not always
coupled. For example, the forceps minor, despite showing rapid
growth, demonstrated only modest changes in ADC and FA; lack of
rapidly progressing myelination in this tract is, however, not unex-
pected as this process is known to occur between the 6th and 12th
month of postnatal life (Brody et al., 1987). The ILF and IFOF show a
similar pattern of rapid volumetric growth and slow microstructural
maturation; the changes in ADC and FA are concordant with the
expected postnatal myelination of these deep white matter associa-
tion fibers. The CST and the forceps major demonstrate a different
developmental trajectory characterized by rapid change in ADC/FA
with only modest volumetric growth. Our observations in the CST are
consistent with the results on tractography in the first 2 years of post-
natal life reported by Bragga et al. who identified a similar trend of
dynamic microstructural change and slow volumetric growth (Braga
et al., 2015). Rapid microstructural changes in the forceps major also
correlate well with the known earlier onset of myelination in the
splenium of the corpus callosum relative to the genu of the corpus cal-
losum (Barkovich et al., 1988).

The tract-specific trajectories that we observed also appear to lay
the foundation for other developmental changes that occur during
infancy. For instance, the rapid rate of ADC and FA changes in the
CST and forceps major respectively conform to the known anterior-
to-posterior and central-to-peripheral progression of myelination in
postnatal life, respectively (Barkovich et al., 1988; Kinney et al., 1988).
The UF showed a distinct pattern of development characterized by
slow volumetric growth and slow microstructural changes which is
consistent with the expected course of maturation of this tract. The
UF is known to be one of the last white matter bundles to reach peak
maturation, attaining its highest FA and lowest ADC well into the third
decade of life (Lebel et al., 2012; Olson, Von Der Heide, Alm, &
Vyas, 2015). The slow volumetric and microstructural changes of the
UF in utero could be indicative of a relatively quiescent behavior dur-

ing what is otherwise a dynamic developmental stage.

Although all the analyzed tracts increased in volume with age, the
trend only reached statistical significance for three tracts. A small
sample size may have limited our power to detect significant associa-
tions. We also believe that tractography may underestimate the true
volume of the white matter tracts by one of several mechanisms. First,
the deterministic FACT method used in this study terminates the fiber
tracking if it encounters a voxel outside of the pre-set tracking condi-
tions (difference in directionality of the main eigenvector, diffusivity).
Second, despite using MT-SVR, it is conceivable that even small resid-
ual artifacts could affect propagation of the tractography and under-
estimate the volume of the tract and consequently its change with GA
(Anastasopoulos et al., 2014). Third, it is also possible that our experi-
ments underestimated the volume of the tracts due to the presence
of areas of crossing fibers which cannot be resolved using the diffu-
sion tensor model and the limited directions of diffusion acquired.

We did not observe a widespread association between motion
parameters and tract metrics; average motion was only significantly
associated with higher ADC in the forceps minor and ILF, and lower
FA in the IFOF. It is possible that some motion effects remained
despite the use of the MT-SVR. This observation highlights the need
for utilization of robust motion-mitigation strategies for analysis of
fetal DTI, as motion is ubiquitous in fetal MRI and it can introduce sig-
nificant bias to these analyses (Yendiki, Koldewyn, Kakunoori,
Kanwisher, & Fischl, 2014).

Even though widespread asymmetries in diffusion parameters
have been documented early in postnatal life (Dean et al., 2017), these
asymmetries were not apparent in our data. The only asymmetry that
reached statistical significance was lower ADC in the left UF, which is
consistent with known and expected asymmetries observed in infancy
and childhood (Hasan et al, 2009). Prior work in the field has
suggested the presence of scattered tract-based asymmetries, but
profound differences in technique and populations between the stud-
ies hampers direct comparison. Specifically the study by Song
et al. (2015) utilized a combination of high angular resolution diffusion
imaging on ex vivo samples and postnatal DTI of infants from 30 post-
conceptional weeks to 3 years of age. The emerging asymmetries
detected in that study span a much broader range of developmental
stages than the population analyzed in our study. In the study by
Mitter, Prayer, et al. (2015), the only significant asymmetry observed
was higher ADC in the left ILF, which does not correlate with our find-
ings or the findings on the subjects of corresponding gestational and
postconceptional age from the study by Song et al. (2015). One can
hypothesize that the asymmetries are emerging in the later part of
gestation based on their presence on postnatal DTI and the presence
of some early hemispheric asymmetries on fetal structural imaging;
however, additional work with a larger sample and innovative tech-
niques is needed to characterize the precise onset of these develop-
mental changes (Dean et al., 2017; Vasung et al., 2019).

There are several limitations to our study. Our findings are based on
a relatively small sample size which limits the power of statistical analyses
and increases the likelihood of Type Il error. Furthermore, fetal DTI data
are limited by the quality of acquisition and the reconstruction. Although a

robust MT-SVR algorithm was used, some subjects were excluded from
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the analyses because of motion-corrupted data. We elected to use a diffu-
sion tensor model and a deterministic FACT algorithm for this exploratory
study, but future analysis that relies on improved diffusion acquisitions
and tractography approaches should be undertaken. Finally, the specific
neurobiological processes driving these microstructural changes
(e.g., myelination, premyelination, axonal pruning) cannot be determined

given the absence of pathology correlates or other sequences.

5 | CONCLUSION

Tractography analysis based on fetal DTI processed with an MT-SVR
algorithm demonstrates a complex landscape of growth and micro-
structural changes in the third trimester. Tract-specific changes corre-
spond to known cellular processes that occur during late gestation
and enable the study of normal and abnormal development in vivo
with high anatomic specificity.
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