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Little is known about the pathogenesis of the phenotype in

individuals with trisomy 21 mosaicism and Down syndrome.

The primary goal of this study was to identify factors contribut-

ing to the observed phenotypic variation by evaluating 107

individuals having trisomy 21 mosaicism. To investigate a

potential ‘‘threshold’’ effect due to trisomic imbalance, lympho-

cyte and buccal mucosa nuclei were scored using FISH. Overall,

buccal cells showed a significantly higher frequency of trisomy

than lymphocytes (P< 0.0001). Using latent class analysis, two

phenotypic classes were identified based on the clinical findings

of the propositi. Patients from class 1 had significantly fewer

traits and a lower percentage of trisomic cells (mean of 37.3%

lymphocytes; 34.5% buccal mucosa cells) when compared to

those stratified into class 2 (54.0% lymphocytes; 53.4% buccal

mucosa cells). Tissue-specific influences were also detected, with

buccal mucosa trisomy levels being significantly correlated with

IQ (P¼ 0.0094; both ectodermal derivatives), while congenital

heart defects were significantly correlated with lymphocytes

(P¼ 0.0286; both mesodermal embryonic derivatives). In

conclusion, allowing for the distinction of two groups, we

observed variation in phenotype, associated with the percentage

of trisomic cells. We also observed tissue-specific effects on

phenotype. The results of this study should enable geneticists

and other health care professionals to provide information

regarding optimal diagnostic approaches and anticipated

clinical outcomes. � 2009 Wiley-Liss, Inc.
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INTRODUCTION

Downsyndrome is themost commonchromosomal abnormality in

live-born individuals, occurring at a frequency of about 1/800 live

births [reviewed by Patterson and Costa, 2005]. Most (90–95%)

individuals with Down syndrome have trisomy for chromosome

21 [Pangalos et al., 1994]. Two to four percent of individuals with

Down syndrome have a trisomic dose of the long arm of chromo-

some 21 as a result of a structural chromosomal abnormality

(translocation or isochromosome) [Pangalos et al., 1994]. Mosai-

cism is seen in another two to four percent of individuals diagnosed

with Down syndrome [Hamerton et al., 1965; Richards, 1969;

Mikkelsen, 1977; Hook, 1981]. Mosaicism is a condition in

which an individual has two or more genetically distinct cell

lines that develop from a single zygote [Nussbam et al., 2001]. In

the case of trisomy 21 mosaicism and Down syndrome, affected

individuals have both trisomic (47,XX,þ21 or 47,XY,þ21) and

euploid (46,XX or 46,XY) cell lines. The primary goal of this study

was to determine if there are correlations between the phenotypic
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traits and the proportion of trisomic cells present in individuals

having mosaicism.

An investigation involving individuals with trisomy 21 mosai-

cism can further our understanding of the mechanisms underlying

the phenotype of Down syndrome since individuals with trisomy

21 mosaicism show a broad spectrum of clinical findings, ranging

from traits typically seen in ‘‘complete’’ trisomy 21 (people having

trisomy 21 in every cell) to that of a near normal phenotype [Finley

et al., 1966; Shipe et al., 1968; Johnson and Abelson, 1969; Fishler

and Koch, 1991; Bhatt et al., 1995]. Our knowledge of factors

influencing the clinical outcome in individuals with MDS has been

limited due to the relatively small number of cases of this rare

condition that are available for study, with most investigators

presenting either single case reports or findings from a small

number of patients [reviewed by Papavassiliou, 2007]. These

previously reported investigations were also accomplished prior

to the advent offluorescent in situhybridization (FISH) techniques,

and were thus limited to the study of metaphase chromosomes

following in vitro culturing, the latter of which could potentially

skew the levels of trisomy detected.

Possible factors contributing to the broad spectrum of traits

observed in personswith trisomy21mosaicism include (but are not

limited to) variation in the proportion of trisomic cells present: (1)

between individuals; and (2) from tissue to tissue within and/or

between individuals. In this study of persons having trisomy 21

mosaicism, we quantified and compared the percentage of trisomic

cells present in nuclei from both lymphocytes (cultured and

uncultured) and buccal mucosa cells (uncultured). Thus, the level

of trisomy was not only assessed in different tissues, but also from

cells with and without the effect of in vitro culturing. The pheno-

typic profiles of the study subjects were also analyzed, using a latent

class analysis (LCA), to determine if subgroups could be identified

based on the patients’ phenotype, and if these distinct groups could

be distinguished from one another based on their ratio of euploid

to trisomic cells. The specific aims of this study were to test the

following hypotheses: (1) The proportion of trisomic cells present

in different tissues (blood and buccal mucosa) influences the

phenotypic outcome associated with mosaicism for trisomy 21 in

Down syndrome; and (2) Trisomic levels in buccal mucosa cells are

more closely correlated with phenotypic findings of ectodermal

origin, while trisomic levels in lymphocytes are more strongly

correlated with findings of mesodermal origin.

MATERIALS AND METHODS

Human Subject Involvement
A total of 107 individuals withmosaicism for trisomy21 (propositi)

was ascertained through parental support groups [National Down

Syndrome Congress (NDSC), International Mosaic/Down

Syndrome Association meetings, newsletters, and websites]. The

only selection criterion was that the child had a chromosomally

confirmed diagnosis ofmosaicism for trisomy 21. After giving their

informed consent (assent for children) (Virginia Commonwealth

University IRB Committee, protocol # 0179) the study participants

had the option to provide: (1) blood samples; (2) buccal smears

(one from each cheek); (3) a completed questionnaire (which

included queries regarding physical characteristics, health history,

developmental progress, pregnancy history, and lifestyle); (4)

pictures; (5)medical records; and/or (6) IQ reports/developmental

information. Participating families could elect to provide all or only

a portion of the items noted above. Questionnaire and medical

record information was also collected from individuals with com-

plete trisomy21 (positive control group),whowere also ascertained

through parental support groups.

Evaluation of the Proportion of Cells
With Trisomy 21
Lymphocyte preparations. Duplicate lymphocyte cultureswere

established and harvested according to standard protocols

[Moorhead et al., 1960]. In order to quantify the proportion of

trisomic cells in uncultured specimens, peripheral blood smear slides

were made from each sample according to standard protocols.

Buccal mucosa cellular preparations. Buccal mucosa slides

were made by the study subjects (or with parental assistance for

younger subjects). The cells were collected by the subjects rubbing

the inside of their cheek with a toothbrush and then spreading the

collected cells directly onto positively charged slides (Fisher Scien-

tific, Pittsburgh, PA). This procedure was repeated for the other

cheek, with both slides being air-dried prior to shipment of the

specimens. Upon receipt in the lab, these buccal smear slides were

stored at�20�C until FISH was performed (approximately 1 week

to 2 months later).

FISH methodology. The number of chromosomes 21 in inter-

phase nuclei from cultured and uncultured lymphocytes and

uncultured buccal mucosa cells was determined using FISH. The

test probe used was one that is localized to 21q22.13–21q22.2
(D21S259\D21S341\D21S342) (Abbott Laboratories, Des Plaines,

Illinois). In addition, a control probe for chromosome 13 (RB1

locus at 13q14; Abbott Laboratories) was also evaluated. The FISH

on cultured lymphocytes was performed according to the probe

manufacturer’s protocol (Abbott Laboratories). FISH on the un-

cultured specimens (buccal mucosa cells and uncultured

lymphocytes) was done as described previously by Leach et al.

[2004], with the adaptation that the uncultured lymphocytes were

digested in a protease pretreatment solution (NaSCN; Abbott

Laboratories) for 10 min rather than 30 min, as is done for the

buccal cells.

Scoring frequency of trisomic cells. Probe signals were visual-

ized using a Zeiss epifluorescent Axiskop equipped with single

(SpectrumOrange�, SpectrumGreen�) and triple band pass fil-

ters. When scoring each cell, all focal planes were viewed to ensure

the detection of all signals in the three-dimensional nuclei. Inter-

phase nuclei that did not have clear borders or that were over-

lapping were excluded from the analysis. A total of 1000 cultured

blood lymphocyte nuclei, 500 uncultured blood nuclei, and 500

buccal cells (250 per cheek) were scored for each study participant.

Thus, using the probability cutoff value of 0.05, the evaluation of

1000 or 500 cells with our probes (which demonstrated 0.99%

analytic sensitivity level) allowed for the detection of as low as 1.6%

or1.8%trisomic cells, respectively [Dewald et al., 1998]. In addition

to interphase nuclei, 30 to 50metaphase spreads were also analyzed

from cultured lymphocyte samples.
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Phenotype Assessment
Thephenotypic findings present in each propositus havingmosaicism

were identified by certified (American Board of Medical Genetics)

medical geneticists. Evaluations were done using one or more of the

following assessment tools: (1) direct physical examination; (2)

evaluations of photographs; and/or (3) a review of survey responses

and medical records, the latter of which were obtained, with permis-

sion, as described above.Clinically relevant findingswere summarized

based on the criteria established by Epstein et al. [1991].

Statistical Analyses and Data Interpretation
Apaired t-test was used to compare the frequencies of trisomic cells

present amongst the collected samples (e.g., cultured blood vs.

uncultured blood; cultured blood vs. buccal mucosa cells). Trait

comparisons were done using a Pearson correlation analysis or

a contingency Chi-square test. All statistical comparisons were

performed using a significance level of a¼ 0.05.

Latent class analysis (LCA) was used to model subtypes of

mosaicism by representing them as latent (‘‘unmeasured’’)

variables [Muth�en and Muth�en, 1998]. Models were tested with

1, 2, and 3 classes. Themodel parameters were: (1) the prevalence of

each latent class; and (2) the conditional response probabilities (the

probability that a randomly selected member of particular latent

class would have a positive response to a query regarding a

particular phenotypic item). A subset of 25 phenotypic variables

(Tables II and III) that were reported (present or absent) in 65% or

more of the cases was used in the LCA analysis.

RESULTS

To date, a total of 107 individuals having mosaicism for trisomy

21 and Down syndrome have been ascertained from families living

in the USA, Australia, Canada, Denmark, England, Ireland, Israel,

and Portugal. The samples/data materials provided by these

TABLE I. Summary of Data Collected and Mean Trisomic Levels for Study Subjects

Sample/information collected
Number of
samples

Diagnostic
metaphases

Lymphocytes

Cultured Research Study

Nuclei Metaphases
Uncultured
nuclei

Buccal
nuclei

Blooda

Diagnostic reports 95 51.53� 2.92
(4.0–95.0)

— — — —

Cultured lymphocytes 70 — 35.12 � 3.52
(3.3–97.0)

— — —

Uncultured lymphocytes 44 — — — 30.37 � 3.80
(5.0–91.0)

—

Buccal smearsb 59 — — — — 48.89 � 3.02
(4.0-89.4)

Paired specimensc

Diagnostic cultured blood/
research cultured blood

58 46.31� 3.76
(4.0–94.0)

33.63 � 3.57
(3.3–91.6)

— — —

Research
Cultured blood/uncultured blood 44 — 33.15 � 4.72

(3.3–93.3)
— 30.37 � 3.80

(5.0–91.0)
—

Cultured blood/buccal 49 — 30.13 � 3.99
(3.6–93.3)

— — 48.06 � 3.44
(4.0–89.4)

Cultured blood interphase/
cultured blood metaphase

57 — 34.06 � 4.02
(4.8–94.4)

34.15 � 4.12
(3.3–93.3)

— —

Phenotypic information
Questionnaire 90 — — — — —
Pictures 60 — — — — —
Medical records 104 — — — — —
Direct physical exam 23 — — — — —
IQ reports 55 — — — — —
Developmental information 81 — — — — —

aThe mean � standard error (range) is shown for all subjects for whom this lymphocyte data was available.
bThe mean � standard error (range) is shown for all subjects for whom this buccal mucosa cell data was available.
cThe mean � standard error (range) is shown for all subjects for whom paired comparisons were available (e.g., not all study subjects providing buccal samples also provided blood samples
(and vice versa), so the number of paired specimens is less than the total for each specimen type).
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TABLE III. Summary of Physical Stigmata Reported in 54 Individuals

With Non-Mosaic Down Syndrome (Positive Controls)

Clinical finding
Proportion
having traita

% reporting
data

(response
rate)

Celiac disease 0/54 ¼ 0 100%
Esophageal stricture 0/54 ¼ 0 100%
Umbilical hernia 0/54 ¼ 0 100%
Cyanotic CHDb 1/54 ¼ 0.019 100%
Hirschsprung’s disease 1/54 ¼ 0.019 100%
Imperforate anus 1/53 ¼ 0.019 98%
Leukemia 1/53 ¼ 0.019 98%
Duodenal stenosis/atresia 3/54 ¼ 0.056 100%
GI reflux 3/54 ¼ 0.056 100%
Congenital/acquired cataracts 4/52 ¼ 0.077 96%
Hearing loss 4/49 ¼ 0.082 91%
Atlanto-axial instability 3/20 ¼ 0.150 37%
Constipation 10/54 ¼ 0.185 100%
ADHD 4/16 ¼ 0.250 30%
Hypothyroidism 13/43 ¼ 0.302 80%
Nystagmus 5/16 ¼ 0.313 30%
Obesity 19/53 ¼ 0.358 98%
Obstructed lacrimal ducts 9/25 ¼ 0.360 46%
Strabismus 9/23 ¼ 0.391 43%
Frequent ear infections 22/53 ¼ 0.415 98%
Brushfield spots 8/19 ¼ 0.421 35%
PE tube placement(s) 24/51 ¼ 0.471 94%
Protruding tongue 25/53 ¼ 0.472 98%
Acyanotic CHDb 27/54 ¼ 0.500 100%
Presence of any CHDb 28/54 ¼ 0.519 100%
Flat face 27/53 ¼ 0.509 98%
Webbing, short, and/or

broad neck
27/52 ¼ 0.519 96%

Myopia/hyperopia 26/50 ¼ 0.520 93%
Incurved 5th finger 13/23 ¼ 0.565 43%
Thin, and/or sparse hair 31/52 ¼ 0.596 96%
Dry skin 36/54 ¼ 0.667 10%
Single transverse palmar crease 36/52 ¼ 0.692 96%
Low set ears 15/21 ¼ 0.714 39%
Flat nasal bridge 19/26 ¼ 0.731 48%
Stubborn behavior 19/26 ¼ 0.731 48%
Small ears 18/24 ¼ 0.750 44%
Increased gap between

1st and 2nd toes
15/20 ¼ 0.750 37%

Short hands and fingers 19/25 ¼ 0.760 46%
Malformed teeth 18/23 ¼ 0.783 43%
Epicanthal folds 43/51 ¼ 0.843 44%
Up-slanted eyes 45/53 ¼ 0.849 48%
Hypotonia 46/54 ¼ 0.852 100%
Hyper-extensibility of joints 46/53 ¼ 0.868 98%
Narrow ear canals 1/1 ¼ 1 2%
Cleft uvula and palate 1/1 ¼ 1 2%
High arched palate 3/3 ¼ 1 6%
Brachycephaly 4/4 ¼ 1 7%
aNumber of findings present/total number reported (present or absent).
bSpecific CHD findings are noted in Table IV.

TABLE II. Summary of Physical Stigmata Reported in 104 Mosaic

Probands

Clinical finding
Proportiona

having trait

% reporting
data

(response
rate)

Cyanotic CHDb 1/99 ¼ 0.010 95%
Celiac disease 1/100 ¼ 0.010 96%
Hirschsprung’s disease 1/100 ¼ 0.010 96%
Imperforate anus 1/100 ¼ 0.010 96%
Esophageal stricture 2/100 ¼ 0.020 96%
Congenital/acquired cataracts 2/93 ¼ 0.022 89%
Leukemia 3/98 ¼ 0.031 94%
Duodenal stenosis/atresia 4/100 ¼ 0.040 96%
Cleft palate/uvula 4/43 ¼ 0.093 41%
Umbilical hernia 10/100¼ 0.100 96%
GI reflux 11/100¼ 0.110 96%
Constipation 12/100¼ 0.120 96%
Hypothyroidism 10/80 ¼ 0.125 77%
Obesity 14/91 ¼ 0.154 88%
Hearing loss 17/89 ¼ 0.191 86%
Nystagmus 6/23 ¼ 0.261 22%
ADHD 14/44 ¼ 0.318 42%
Atlanto-axial instability 14/42 ¼ 0.333 40%
Acyanotic CHDb 43/103¼ 0. 417 99%
Presence of any CHDb 44/103¼ 0.427 99%
Obstructed lacrimal ducts 12/28 ¼ 0.429 27%
Dry skin 39/91 ¼ 0.429 88%
Malformed teeth 20/46 ¼ 0.435 44%
Narrow ear canals 14/31 ¼ 0.452 30%
High arched palate 21/45 ¼ 0.467 43%
Strabismus 27/58 ¼ 0.466 56%
Single transverse palmar crease 44/90 ¼ 0.489 87%
Protruding tongue 51/101¼ 0.505 97%
PE tube placement(s) 40/78 ¼ 0.513 75%
Frequent ear infections 45/97 ¼ 0.464 93%
Myopia/hyperopia 47/90 ¼ 0.522 87%
Brushfield spots 28/48 ¼ 0.583 46%
Webbing, short, and/or broad neck 56/96 ¼ 0.583 92%
Incurved 5th finger 30/50 ¼ 0.600 48%
Stubborn behavior 29/48 ¼ 0.604 46%
Epicanthal folds 61/98 ¼ 0.622 94%
Small ears 46/74 ¼ 0.622 71%
Short hands and fingers 29/45 ¼ 0.644 43%
Low set ears 48/74 ¼ 0.649 71%
Hyper-extensibility of joints 61/93 ¼ 0.656 89%
Hypotonia 65/98 ¼ 0.663 94%
Thin, and/or sparse hair 66/98 ¼ 0.673 94%
Up-slanted eyes 76/100¼ 0.760 96%
Brachycephaly 54/71 ¼ 0.761 68%
Flat face 78/100¼ 0.780 96%
Flat nasal bridge 68/80 ¼ 0.850 77%
Increased gap between

1st and 2nd toes
44/51 ¼ 0.863 49%

aNumber of findings present/total number reported (present or absent).
bSpecific CHD findings are noted in Table IV.
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propositi are summarized in Table I. Medical records and com-

pleted questionnaires were provided for nearly all (97% and 84%,

respectively) individuals having mosaicism. The majority of

propositi also elected to provide blood specimens (65%) and/or

buccal mucosa specimens (55%). Direct physical examinations

were completed for 23 of the individuals having mosaicism

(the exams were completed in conjunction with the first and third

International Mosaic Down Syndrome Association Conventions).

Informative photographs (Fig. 1) were provided for 56% of the

propositi, with developmental information being provided for 76%

of the study subjects having mosaicism.

Tissue-Specific Assessments of the
Percentage of Trisomic Cells
The percentages of trisomic cells in the specimens evaluated for the

propositi havingmosaicismare summarized inTable I andFigure 2.

The range was not significantly different in the cultured lympho-

cytes (3.3–97%) compared to buccal mucosa cells (4.0–89.4%).

However, the mean percentage of trisomic cells noted in the buccal

mucosa specimens (48.06%� 3.44%;mean� SE) was significantly

different from that detected in the cultured lymphocytes

(30.13� 3.99; P< 0.0001), with higher values being seen in 35 of

the 49 (71.4%) cases providing both specimens (P< 0.0001).

Interestingly, the distribution of trisomic cells observed in the

cultured lymphocyte specimens showed a non-random pattern

(more cases having lower trisomic values). In contrast, the buccal

specimen showed a random pattern (P> 0.05; Fig. 2).

To determine the effect, if any, of in vitro culturing on lympho-

cytes, the proportion of trisomic cells present in cultured lympho-

cytes (33.15� 4.72%.) was compared to that observed in the

uncultured blood smears (30.37� 3.80%). These values were not

significantly different (P> 0.05; paired t-test) and were positively

correlated (r¼ 0.97, P< 0.0001).

FIG. 1. Evaluation of propositi with mosaicism for trisomy 21/Down

syndrome using photographs. This figure shows photographs of an

11-year-old male who had trisomy for chromosome 21 noted in

20% of his lymphocytes in his diagnostic chromosomal report. The

trisomy 21 levels observed at the time of his participation in this

research study (at age 11) were 50% for his buccal mucosa cells

and 7% for his lymphocytes. The photographs shown here are

representative of those used to confirm phenotypic findings

reported in medical records and by parents. The types of images

requested from the families included (but were not limited to)

those showing a full facial view (a); a side profile (b); a close-up

view of the mid-face (c); and (d) a view of the mouth. This

individual’s ears are slightly small, but normal in shape and

position. He also has a mildly broad, but not flat nasal bridge;

subtle epicanthal folds; and a high arched palate. [Color figure can

be viewed in the online issue, which is available at

www.interscience.wiley.com.]

FIG. 2. Distribution of the percentage of the cells of the proposita having trisomy for chromosome 21 in cultured lymphocytes and buccalmucosa cells.

For the buccal mucosa specimens, the percentage values observed were not significantly different from random expectations. However, for the

cultured lymphocytes, a significantly increased number of cases having trisomy 21 in 30% or fewer cells was observed.
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Assessment of Percentage of Trisomic Cells in
Diagnostic Compared to Research Samples
The average age of the propositi at the time of diagnosis was

1.8 years and ranged from the prenatal period to 4 years after birth.

The average age at the time of our research study was 6.6 years, with

participation ages ranging from 1 month after birth to 43 years of

age. In the subset of 58 cases providing both diagnostic reports and

research blood specimens, the values reported for the diagnostic

samples (46.31� 3.76%) were significantly different from those

noted in the cultured lymphocytes at the time of this research study

(33.63� 3.57%) [paired t-test (P< 0.0001)]. To determine if the

observed difference might be attributable to methodology used for

these evaluations (metaphase chromosomes were assessed with

GTG-banding in the diagnostic report compared to interphase

nuclei using FISH in the research studies), the percentage of

trisomic cells observed in both metaphase spreads and interphase

nuclei from the same research sample was quantified (Table I). No

significant differences were observed between these measurements,

the latter of which were significantly correlated (r¼ 0.99,

P< 0.0001).

Evaluations of Phenotypic Findings
Phenotypic information was obtained from medical records,

on-site physical examinations, and/or photographs for 104 pro-

positi. The number of clinical traits observed/reported for the

propositi with trisomy 21 mosaicism (13.26� 0.54) was not

significantly different from that reported for the non-mosaic

positive control group (13.00� 0.80)(Fig. 3). The specific physical

stigmata evaluated (38 traits) in the individuals with mosaicism

and complete trisomy 21/Down syndrome (non-mosaic) are

summarized (in increasing frequencies) in Tables II and III,

respectively.

The overall frequency of congenital heart defects (CHD)was not

significantly different between the propositi having mosaicism

(41.7%) compared to the non-mosaic positive control group

(50%) (Table IV). In particular, the most commonly seen finding

in the individuals having mosaicism was an atrial septal defect,

which was noted in 29.2% of cases. An atrioventricular canal defect

was reported in only 11.1%of themosaic cases (compared to 22.6%

in the positive control group).

In addition to physical traits, IQ testing results were obtained for

individuals with mosaicism for trisomy 21 and with complete

trisomy 21/Down syndrome (Table IV). The average IQ in indi-

viduals with mosaicism for trisomy 21 was significantly higher

(mean of 67.35� 2.31 with a range of 41 to 117) than that of

individuals with complete trisomy 21/Down syndrome (mean of

57.67� 3.17 and range of 36–75; P¼ 0.03).

The ages at which developmental milestones where achieved in

individuals with mosaicism (n¼ 81), their siblings (n¼ 106), and

individuals with complete trisomy 21/Down syndrome (n¼ 50)

were also compared (Fig. 4). Individuals with mosaic trisomy

21/Down syndrome attained all milestones at a significantly later

age than their chromosomally normal siblings (P< 0.05), but

tended to attain milestones earlier than the age-matched, non-

mosaic individuals. Significant decreases were observed for the age

that the mosaic propositi first crawled (P¼ 0.004), walked

(P¼ 0.013), and independently dressed themselves (P¼ 0.030)

when compared to the individuals having complete trisomy 21.

FIG. 3. Distribution of clinical findings in study subjects having mosaicism compared to non-mosaic (complete) trisomy 21. Individuals with mosaic

Down syndrome (n¼ 104) presented with a range of 1–25 findings, compared to cases having complete trisomy 21 (n¼ 54) in whom a range of

3–28 findings was noted.
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Latent Class Analysis (LCA) of Phenotype

To determine if the subjects with mosaic trisomy 21 had sufficient

differences in their phenotype (presence or absence of traits) to

allow them to be partitioned into distinct groups, 104 subjects were

evaluated using a LCA. The best fit for the data was obtained for a

model that partitioned the propositi into two groups having fewer

(class 1) or more (class 2) phenotypic traits (1 vs. 2 class model

P¼ 0.0022; 2 vs. 3 class model P¼ 0.1203). The proportion of

trisomic cells (from diagnostic reports) of the 60 individuals

assigned to class 1 (43.84�%) was significantly lower than that

of the 44 individuals assigned to class 2 (59.76�%; P¼ 0.0072). In

addition, the mean percentage of trisomic cells in the buccal

samples from individuals in class 1 (42.09%) was significantly

lower than the values from the propositi in class 2 (57.11%)

(P¼ 0.0156). The greatest discrepancies in phenotype that allowed

for the distinction between the members of class 1 and class 2 were

seen for the presence/absence of: (1) acyanotic congenital heart

defects (CHD); (2) total (acyanotic and cyanotic) CHD; and (3)

umbilical hernias (Fig. 5a).

A second LCA analysis was also done to determine if improve-

ments in phenotypic distinctions for the mosaic propositi

(same 104 subjects evaluated above) could be made by comparing

their phenotypic data with that of the 54 positive control individ-

uals having complete trisomy 21 (total n¼ 158; Fig. 5b). In this

model, the subjects with complete non-mosaic trisomy 21 were

restricted to a single class, but the individuals with mosaicism

for trisomy 21 could be partitioned into any class, based on

their phenotype. Using this approach, a two-class model still

provided the best fit to the data. The 20 individuals categorized

into class 1 presented with fewer phenotypic findings and had a

significantly lower proportion of trisomic cells (mean of 37.34%)

than the 84 mosaic propositi categorized as belonging to class 2

(phenotype similar to complete trisomy 21/Down syndrome;mean

of 53.97%; P¼ 0.0189). This second LCA model, using data from

positive control subjects as ‘‘training variables,’’ resulted in non-

overlapping distributions for 19 of the 25 traits observed in

the propositi with mosaicism (Fig. 5b) and allowed for improve-

ments (visualized as higher values for the differences between

class probabilities) in the distinction of classes (compared to

model 1) for all traits but hearing loss, acyanotic CHD, total CHD,

hernias, and constipation. Under model 2, the greatest distinctions

between the 2 classes were observed for the presence/absence of the

followingphenotypic traits: (1) epicanthal folds; (2) brachycephaly;

(3) hyperextensibility of joints; and (4) webbing, short, or broad

neck.

TABLE IV. Congenital Heart Defects (CHD) and IQ Values Reported in Individuals With Mosaicism for Trisomy 21 and Non-Mosaic Trisomy 21

Trait Mosaic trisomy 21 (n¼ 103) Complete trisomy 21 (n¼ 54)
(1) Cases having congential heart defect(s) 43 27

Types of congenital heart defects
Atrial septal defects 21 (2)a 6 (5)
Patent ductus arteriosus 17 (2) 9 (4)
Ventricular septal defect 12 (4) 7 (3)
Atrioventricular canal defect 8 (8) 7 (7)
Pulmonic stenosis 6 (0) 0 (0)
Bicuspid aortic valve 2 (0) 0 (0)
Mitral valve prolapse 2 (0) 2 (0)
Congenital missing mitral valve 1 (0) 0 (0)
Hypoplastic left ventricle 1 (1) 0 (0)
Pre-excitation syndrome 1 (0) 0 (0)
Tetralogy of fallot 1 (1) 0 (0)

Total 72 (18)b 31 (19)b

(2) IQ values
Reported ranges

30–40 0 1
41–50 7 7
51–60 12 1
61–70 18 6
71–80 8 3
81–90 3 0
91–100 3 0
>100 4 0

aNumber of propositi having heart defect (number surgically corrected).
bSeveral subjects had more than one heart defect. Thus, the total number of specific defects is greater than the total number of individuals having a congenital heart defect.
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Correlations Between Percentage of Cells With
Trisomy 21 and Tissue-Specific Findings
Interestingly, a significant inverse correlation (r¼�0.53;

P¼ 0.0094) was observed between the percentage of trisomic cells

present in the buccal samples and the IQ scores of the mosaic

propositi. Although a similar trend was observed between the IQ

values and percentage of trisomic cells in the blood samples, this

correlation was not significant (P¼ 0.1998). In addition, a contin-

gency chi-square test was used to determine if there was any

relationship between the proportion of trisomic cells in the study

subjects and the presence of congenital heart defects. Intriguingly,

there was a significant relationship between the presence of

CHD and the proportion of trisomic cells in blood specimens

(P¼ 0.0286), with higher blood trisomy levels (59.26� 4.38%)

being associated with CHD, while lower trisomic percentages

(43.84� 3.81%) were associated with fewer cases of CHD. Al-

though a similar trend was seen between buccal mucosa trisomy

levels and CHD, this relationship was not significant.

DISCUSSION

The differing percentages of trisomic and euploid cells in individ-

ualswithmosaicism for trisomy21provide anopportunity to assess

the extent to which phenotypic variability is related to the varying

proportion and/or tissue distribution of the trisomic cells. In this

study, buccal cells showed a significantly higher level of trisomy

than lymphocytes. This difference could not be attributed solely to

in vitro culturing since the percentage of trisomic cells in cultured

and uncultured lymphocytes was not significantly different.

One possible factor contributing to the observed difference in

trisomy levels between specimens is that these tissues have varying

in vivo selection rates due to inherently different cell turnover and/

or growth rates of blood and buccal samples. In one of the few

reports detailing the kinetics of normal lymphocytes and buccal

epithelia, Hellerstein et al. [1999] noted that, in healthy individuals,

CD4 and CD8 T cells have a half-life of approximately 87 and

77 days, respectively. In contrast, the turnover times seen in buccal

epithelial cells have been reported to vary from 5 to 25 days

[Gillespie, 1969; Alvares et al., 1972]. Collectively, the findings of

these two studies suggest that lymphocytes have a lower turnover

rate than buccal cells. Therefore, if in vivo selection (acting against

replicating trisomic cells) is largely responsible for the difference in

trisomy levels observed between the tissues of the subjects in this

study, one might expect to detect an overall higher trisomic

percentage for the lymphocytes compared to buccal cells since they

have a lower cell turnover rate. However, the opposite trend was

observed. Thus, the observed variation in trisomy level between

tissues may, instead, be a manifestation of differences in the

distribution of mosaic cells during development or possibly be

attributable to selection differences that are not simply a reflection

of the number of cell cycles completed after birth.

FIG. 4. Comparison of the average ages of developmental milestone attainment. Individuals with mosaic Down syndrome (gray histograms) attained

all milestones at a significantly later age than their chromosomally normal siblings (white histograms). However, with the exception of rolling over,

speaking and drinking from a cup, there was a general trend for individuals with mosaic trisomy 21/Down syndrome to achieve milestones at an

earlier age than individuals with full (complete) trisomy 21 Down syndrome (black histogram). (Bars denote standard error)
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FIG. 5. Latent class analysis of individuals with mosaicism for trisomy 21 (a) without training variables (model 1) and (b) with training variables

(individuals with full trisomy 21) [model 2]. a: A graphical representation of the conditional response probabilities for class 1 (squares [solid line])

and class 2 (circles [hatched line]) are shown. The traits that most clearly distinguished the two classes included hearing loss; small ears; low-set

ears; cardiac anomalies; brachycephaly; andhernias. b: A graphical representation of the conditional responseprobabilities for both class1 (squares

[solid line]) and class 2 (circles [hatched line]) are shown. Under this model (which incorporated training variables) the data point curves are

separated for the majority (76%) of traits studied. X-axis abbreviations: * Flat Face (flatface); Flat Nasal Bridge (flatnasal); Upslanted Eyes

(upslanteye); Epicanthal Folds (epifolds); Myopia (myopia); Hearing Loss (hearing); PE Tubes (petubes); Small Ears (smallears); Low-set Ears

(lowears); Frequent Ear Infections (earinfect); Protruding Tongue (ptongue); Dry Skin (dryskin); Single Transverse Palmar Crease (Palmar); Thin, or

Sparse Hair (Thinhair); Hypotonia (hypotonia); Acyanotic Congenital Heart Defects (acyanotic); Presence of Cyanotic and Acyanotic Heart Defects

(anyheart); Brachycephaly (brachyceph); Hyperextensibility of Joints (hyperjoint); Webbing, Short, or Broad Neck (webneck); Umbilical Hernia

(hernia);GI Reflux (gireflux); Constipation (constipation); Hypothyroid (hypothyroid); Obesity (obesity). †Y-axis shows the probability of answering

‘‘yes’’ to a query regarding the presence of a particular phenotypic feature.
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In addition to differences in the level of trisomy between tissues,

investigators have also reported changes in the percentage of cells

having trisomy 21 over time in individuals with bothmosaicism for

trisomy 21 and non-mosaic (complete) trisomy 21 [Taylor, 1968,

1970; Taysi et al., 1970; Wilson et al., 1980; Jenkins et al., 1997]. In

this current study, diagnostic analyses (which tended to be com-

pleted in the first 2 years of life) showed significantly higher levels of

trisomy than assessments at later ages (as part of this research

protocol). Possible explanations for the observed differences in-

clude (but are not limited to): (1) in vivo selection against trisomic

lymphocytes that may occur over time; (2) a bias in the initial

diagnostic study to identify metaphases having a trisomic com-

pared to euploid complement; or (3) a difference in the proportion

of trisomic cells present in interphase nuclei compared to meta-

phase spreads.However, this latter hypothesiswasnot supportedby

our data, which showed no significant difference in the proportion

of trisomic cells noted in the metaphase compared to interphase

cells evaluated from 57 individuals. Thus, the causes for the

observed changes in the frequency of trisomic cells over time, if

present, remain unclear (requiring additional assessment in a long-

term, longitudinal study design [ideally assessing buccal cells aswell

as lymphocytes] to better characterize).

When evaluating phenotype, the mean IQ level of the mosaic

propositi in this study was significantly higher than the mean IQ

reported for individuals with complete trisomy 21 (10 points

higher). This result is in agreement with the findings of previous

investigations, where IQ values were noted to be 10–30 points

higher for caseswithmosaicism[Wunsch, 1957; Fishler et al., 1976].

This result, coupled with the observation that the average age

at which mosaic propsoti attained developmental milestones

was between the average ages reported for their siblings and

for individuals with complete trisomy 21/Down syndrome,

suggests that as a group, individuals with mosaicism for

trisomy 21 tend to have less intellectual and developmental impair-

ments than individuals with complete trisomy 21. Nevertheless, it

is important to point out that, just as in the case of chromosomally

normal individuals, one cannot accurately predict the specific

intellectual capacity of individuals with trisomy 21 mosaicsim

or complete trisomy 21 since this trait is determined by many

factors.

In order to better characterize the phenotype among individuals

with mosaicism for trisomy 21 in Down syndrome, a latent class

analysis was performed. Models run with and without training

variables resulted in the distinction of two phenotypic subtypes.

The mosaic propositi in the class having more clinical traits had

higher frequencies of trisomic cells. This finding suggests that the

level of trisomy is positively correlated to the severity of the

phenotype.

As a final assessment, correlations between the phenotypic

findings and the tissue specific level of trisomic cells were examined.

A significant inverse correlation was observed between the percent-

age of trisomic cells present in the propositi’s buccal samples and

their IQ scores (but not lymphocytes). Thus, the level of trisomy

21 in buccal samples may be a better predictor of developmental

progress than lymphocytes. One can speculate that this correlation

results from the fact that brain cells, like buccal cells, are ectoder-

mally derived [Larsen, 2001]. Interestingly, the presence or absence

of CHD was more closely associated with trisomy 21 levels in

lymphocytes than buccal cells. This may reflect the fact that both

blood and heart tissues are derived from the mesoderm layer

[Larsen, 2001]. An unexpected finding of this study was the

observation that the individuals with mosaicism for trisomy

21 presented with more types of CHD than the positive control

group having complete trisomy 21/Down syndrome. Interestingly,

they also had a significantly lower number of defects that required

surgery. Given that atrioventricular canal defects are treated surgi-

cally, the reduced frequency of this type of CHD in the mosaic

population was of clinical relevance since it lessened their risk for

cardiac morbidity.

In conclusion, the data derived from our studies suggest that the

proportion of trisomic cells present in tissues of different embryo-

logic origin (e.g., blood and buccal mucosa) influences the pheno-

typic outcome associated with mosaicism for trisomy 21 in Down

syndrome. Thus, an analysis of different tissue samples should be

consideredwhen evaluating individuals with trisomy 21mosaicism

and Down syndrome. Collectively, the findings of our studies have

helped to further clarify our understanding of the phenotypic

variation seen in persons with mosaicism for trisomy 21.
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