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Cell size and cell count are adaptively regulated and intimately linked to growth and
function. Yet, despite their widespread relevance, the relation between cell size and
count has never been formally examined over the whole human body. Here, we com-
pile a comprehensive dataset of cell size and count over all major cell types, with data
drawn from >1,500 published sources. We consider the body of a representative male
(70 kg), which allows further estimates of a female (60 kg) and 10-y-old child (32 kg).
We build a hierarchical interface for the cellular organization of the body, giving easy
access to data, methods, and sources (https://humancelltreemap.mis.mpg.de/). In total,
we estimate total body counts of =36 trillion cells in the male, =28 trillion in the female,
and =17 trillion in the child. These data reveal a surprising inverse relation between cell
size and count, implying a trade-off between these variables, such that all cells within
a given logarithmic size class contribute an equal fraction to the body’s total cellular
biomass. We also find that the coefficient of variation is approximately independent of
mean cell size, implying the existence of cell-size regulation across cell types. Our data
serve to establish a holistic quantitative framework for the cells of the human body, and
highlight large-scale patterns in cell biology.

cell size | cell count | cell biomass | size distribution | size homeostasis

Cells can be considered the basic units of life. Each cell type typically has a characteristic size
range (1-4), which is not only maintained in regenerating tissues, but also throughout indi-
vidual ontogeny from birth to maturity, and is often highly constrained across mammals from
mouse to elephant (5, 6) (S] Appendix, Fig. S1). Because of the uniformity of cell size for any
given type, a larger body generally has a proportionately larger cell count (1, 5, 7), rather than
being comprised of larger sized cells. It has also been shown that the sizes of cells within a
given type are usually well described by a lognormal distribution, often ranging over about
an order of magnitude (S7 Appendix, Fig. S2). But despite the uniformity in size of any given
cell type, cell sizes vary over an enormous seven orders of magnitude from red blood cells to
the largest muscle fibers, comparable to the mass ratio of a shrew to a blue whale. This raises
the question: What is the size distribution of cells over the entire human body? When viewed
across all the cells of a body, should we expect a lognormal distribution, similar to that of a
single cell type, or some other distribution that favors particular sizes and functions?

At one level, it is apparent that the body’s cells are the “right size” to best perform their
function (2, 3, 7, 8). Irregularities in cell size are often a pathological sign of disease or a
marker of malignancy (9, 10). Moreover, changes in cell size are associated with changes
in biosynthetic capacity and metabolic function (8, 11-13), especially when cell-size
changes are not accompanied by changes in ploidy (14, 15). Cell “types” such as myocytes,
neurons, and adipocytes vary extensively in size, but each cell has a size specificity suited
to its function (e.g., muscle and sensory cells are smaller in the face than in the legs). This
size homeostasis is thought to be maintained to some degree across all cell types, but the
strength of size regulation, which is often measured as the coeflicient of variation (CV)
in size, remains unknown across the full cell-size range.

At a higher level of organization, the overall functional capacity of a tissue depends on
its total biomass. Since the cell sizes of any given type are relatively well constrained
(SI Appendix, Fig. S2), a tissue’s functional capacity is determined principally by the total
number of its cells (1, 5, 7). Two important studies in the past decade have surveyed the
total number of cells over the largest tissues in the human body, with total counts con-
verging on values of 30 to 37 trillion human cells (16, 17), with an approximately equal
number of bacteria cells (17). Although cell size and number are direct corollaries of
growth and proliferation (18, 19), and among the most fundamental quantitative attributes
of life’s basic units, the relation between cell size and number has never been formally
examined at the level of the whole body.

We compile cell size, abundance, and diversity across tissues to provide a holistic view
of the body’s basic functional units (1, 2—4, 7, 8, 20). Such a whole-organism view is
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Significance

A consistent and comprehensive
quantitative framework of the
cells in the human body could
benefit many areas of biology. We
compile data to estimate cell
mass, size range, and cell count
for some 1,200 cell groups, from
the smallest red blood cells to the
largest muscle fibers, across 60
tissues in a representative male,
female, and 10-y-old child. We
find large-scale patterns revealing
that both cellular biomass in any
given logarithmic cell-size class
and the coefficient of cell-size
variation are both approximately
independent of cell size. These
patterns are suggestive of a
whole-organism trade-off
between cell size and count and
imply the existence of cell-size
homeostasis across cell types.

Author affiliations: *Max Planck Institute for Mathematics
in the Sciences, Leipzig 04103, Germany; Department of
Earth and Planetary Sciences, McGill University, Montreal,
Quebec H3A O0E8, Canada; °ICREA, Barcelona 08010,
Spain; YCenter for Scalable Data Analytics and Artificial
Intelligence, University of Leipzig, D-04105 Leipzig,
Germany; *Koch Institute for Integrative Cancer Research,
Massachusetts Institute of Technology, Cambridge, MA
02139; ‘Department of Medicine, McGill University Health
Centre Research Institute, Montreal, Quebec H4A 3S5,
Canada; eDepartment of Medicine, Columbia University
Medical Center, New York, NY 10032; and "Independent
Researcher and Consultant, Solon, IA 52333

Author contributions: I.A.H. and J.A.S. designed research;
ILAH. and J.AS. performed research; .LAH. and J.AS.
analyzed data; I.A.H. and N.S.C.M. designed the website;
and IAH, ED.G, NS.CM., T.P.M, BMS, and JAS.
wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. J.M.S. is a guest
editor invited by the Editorial Board.

Copyright © 2023 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution License 4.0 (CC BY).

"To whom correspondence may be addressed. Email:
i.a.hatton@gmail.com.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2303077120/-/DCSupplemental.

Published September 18, 2023.

10f 10


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:i.a.hatton@gmail.com
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2303077120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2303077120/-/DCSupplemental
mailto:
https://orcid.org/0000-0003-4476-4232
https://orcid.org/0000-0003-3150-6250
https://orcid.org/0000-0002-5975-200X
https://orcid.org/0009-0009-6011-1128
https://humancelltreemap.mis.mpg.de/
http://www.pnas.org/lookup/doi/10.1073/pnas.2303077120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2303077120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2303077120#supplementary-materials
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2303077120&domain=pdf&date_stamp=2023-9-14

particularly timely given the recent plan to build a Human Cell
Atlas (21-23). This initiative seeks to create molecular profiles of
all human cell types, enabled by the rapid development of
single-cell multiomics. However, there are challenges to integrate
studies focused on tissue samples into a whole-body framework
that is consistent with what is known from classical cell biology
(22). By integrating existing histology and anatomy across broad
cell types in all major tissues, we hope that our data might help to
establish a quantitative foundation for all cells of the human body.

Approach

We consider cell size and number for some 400 cell types in the
bodies of three reference human anatomical models (24-26)
(Materials and Methods). These include an adult male of 70 kg, an
adult female of 60 kg, and a 10-y-old child of 32 kg. We base our
analysis on the extensive catalogue of tissue masses and composi-
tions compiled for the reference male model by the International
Commission on Radiological Protection, ICRP (24-26). We then
use the male model as the basis for estimating cell sizes and abun-
dance values for the ICRP female and child models. We use tissue
mass ratios reported by ICRP (24-26) to maintain correspondence
with their models. In most cases, we assumed similar ratios among
cell types, and similar cell sizes across the three models, the excep-
tions being neurons, adipocytes, and myocytes (Materials and
Methods). We thus have greatest confidence in our size and count
data for the male model, but uncertainty in the conversions from
male to female and child are unlikely to be significant relative to
other sources of error in the data.

Our data and methods build on prior work that estimated cell
counts in approximately 20 tissue systems (16, 17). We partition
the body into 60 well-studied tissue systems (24-26), each of
which is further subdivided into major components (stroma,
parenchyma, and extracellular matter) and dominant cell types.
Such partitioning yields 1,264 separate cell groups, comprising
the 400 major cell types across 60 tissues. For each cell group, we
compile data from the literature to calculate cell-size mean and
range, and to estimate their number across the three models.
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Most of our estimates of cell mass are not direct mass measure-
ments, but derive from microscopy or other inferences of cell
dimensions that are then converted to mass based on specific
densities for particular cell classes (e.g., 1.06 g/mL). While this
approach is less accurate than direct mass measurements which
can be taken on certain cell types in solution, these inaccuracies
are likely to be minor relative to the trends that we observe over
several orders of magnitude variation in cell size. Our classification
of some 400 cell types is based on cell morphology and function
(Materials and Methods) rather than molecular markers and RNA
expression, which are currently resolving classical cell taxonomy
into many additional cell types (27, 28). We use a combination
of reported count or concentration, total aggregate mass, surface
area, and/or DNA concentration to estimate the cell count for
each cell type in each tissue. Our approach thus provides a con-
sistent methodology applied to all cell types, including those less
amenable to more modern techniques. We cross-validate our
results by comparing multiple levels of aggregate mass at tissue
and organ levels (24-26) (Materials and Methods).

Results

A Comprehensive Human Cell Dataset. Our compilation of data
presents an attempt to constrain cell parameters across all major
cell types of the human body. A hierarchical interface to these
data, giving methods and sources for each cell type in each tissue,
is available at: https://humancelltreemap.mis.mpg.de/.

For several tissue systems, our compilation provides much
greater resolution than was previously available, including muscle
fiber sizes of all major striated muscle groups (1 = 243 cell groups),
neurons and glial cell groups throughout the central and peripheral
nervous system (7 = 244 cell groups), and the tissue resident blood
cell groups (7 = 172) from their origin in bone marrow, to their
circulation and sequestration in the major blood organs and other
tissues. We also focus on tissues of interest for human health,
including digestive (7 = 148 cell groups) and female reproductive
tissues (7 = 156 cell groups). While gaps remain (87 Appendix),

these data present a detailed taxonomy of cell types across all major

Fig. 1. Contrasting cell count and bio-
= mass distributions by cell type. Voronoi
Skeletal tree maps for all 400 investigated cell
] myocytes types of the reference male anatomical
) @ model (area represents relative cell

q number or biomass). (A) Cell counts

\ @ Halfthe are dominated by red blood cells and
biomass platelets, which are removed from

) ofallcells the cell count tree map. Even after
removing nonnucleated blood cells (=29
trillion), white blood cells (=3.4 trillion)
still dominate the =7 trillion nucleated
cell count, with 98% of white blood
cells as tissue resident, 1% circulating
and 1% intravascular marginating. (B)
Cell biomass is dominated by skeletal
myocytes, comprising about half of all
45 kg of cell biomass in the body, even
though they make up <0.002% of the
nucleated cell count, which are removed
from the biomass tree map. Most of the
remaining 23.5 kg of cell biomass are
white adipocytes (=12 kg; though body
fat varies widely among subjects). Tree
maps for a reference 60-kg female (=28
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(SI Appendix, Figs. S7-S9).
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tissue groups and provide baseline values of cell size and count
throughout the body.

These data emphasize the vast size range of human cells, from
a tiny red blood cell to a myocyte, more than a million-fold larger.
Because of these vast size differences across some 400 major cell
types (27, 28), we find dramatically different distributions between
cell count and cell biomass (Fig. 1). Cell counts are completely
dominated by red blood cells, platelets, and tissue resident white
blood cells, while cell biomass is dominated by muscle and fat
(myocytes and adipocytes). Within particular tissues, on the other
hand, the dominant cell sizes vary much less, and so both count
and biomass distributions are often quite similar (Fig. 2).

Cell Size Is Near Inverse to Count. A holistic view of cell size and
count can be gained by constructing a cell-size histogram over the
whole body. This distribution can be expressed in several ways, all
of which yield similar results (Materials and Methods; SI Appendix,
Fig. S4). The size distribution shown in Fig. 3 is built by spreading
mean cell size of each cell type (shown by colored points in Fig. 3)
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over its size range, which sometimes spans multiple size classes
(gray bars in Fig. 3). Given that a lognormal distribution provides
a reasonable fit to prior published size distributions for most cell
types (SI Appendix, Fig. S2), we assume a lognormal better describe
each of the 1,264 cell groups in our dataset. We therefore partition
cell counts lognormally to different size classes based on their
reported range, and sum all cell counts over all cell types in each
size class (Materials and Methods; SI Appendix, Fig. S3).

We find a consistent relation between log total count in each
log size class extending from red blood cells to the largest myocytes
(Fig. 3). The slope of the relation is robust to alternative fitting
methods and various binning schemes, and similar to the exponent
of the corresponding cumulative distribution function, which
avoids binning data into size classes (Materials and Methods). All
approaches give exponents near the value of -0.97 and within the
95% CI reported in Fig. 3 (-1.09 to -0.87; SI Appendix, Fig. S4;
Materials and Methods). A slope near -1 implies a roughly inverse
relation between cell size and count, such that an increase in size
by a given factor is offset by a decrease in cell count by a similar

Tissue Cell count Cell biomass

8loc10

CNS; cerebral cortex ‘ !

882¢

8.6e10 959

CNS; cerebellum ’

; | 59
o
% CNS; spinal chord I 189
E PNS; spinal 4.9¢09
2 '

PNS; cranial 4.5e08 m

| 45008
o ool

PNS; nerve stroma 156 g |
Adrenal glands 7.3:09 [} 12g |
Thyroid gland 3.8¢00 | 9g
Liver | seett | 12209 |
@ Small intestine .e11 | l 566 g I
g Large intestine ..4e11 I I 228 ¢ l
a Pancreas 9.0e10 || 111g |
Stomach I 2.8e10 “ | 100 g ‘
Lungs; pulmonary I 2.3e11 I. I 262 g _

Heart

S

White adipocyte . Glial
Brown adipocyte - Fibroblast

- Neuron . Osteoid

" Pericyte

Germ

Fig. 2. Cell class distributions across select tissues. Cell count and biomass distributions across 18 broad cell classes (colored) are shown for the 32 most
significant tissue systems of the body, representing about half of all 60 investigated tissue systems, including the vast majority of total cell biomass. Numerical
values refer to a reference male except for the female breasts, uterus, and ovaries. Most tissue systems are dominated by the =140 distinct cell types making up
the epithelial cell class. “CNS” and “PNS” refer to central and peripheral nervous systems, respectively. The “Other blood cell” class is dominated by macrophages,
but includes monocytes and precursors to red blood cells and platelets. Cell biomass excludes noncellular components of biomass in each tissue, made up of
extracellular water, protein, and minerals (~25 kg; see S/ Appendix). The blood cells of the blood organs and intravascular are shown separately in Fig. 1.
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Fig. 3. Human cell size and count are nearly inversely related. Data and
regression are shown for a 70-kg reference male, though very similar patterns
are found for female and child (S/ Appendix, Fig. S5). The total number of cells
in each of 26 logarithmic size classes is regressed against cell mass (g), giving a
slope near -0.97, as shown by the black line fit to black circles. The yellow band
shows the 95% CI (+0.1), while the dashed gray line shows a reference slope of
-1.Small colored circles (n = 700) include 401 distinct cell types, in addition to
single cell types that have large variation in size (e.g., adipocytes, neurons and
myocytes). These points represent mean cell-size values for each cell group,
and are aggregated over their size range into size class sums represented
by black points (Materials and Methods). In some cases, cells with broad size
distributions (e.g., adipocytes; light blue) have counts of mean sizes that are
higher than the size class sum (black points), since the counts of actual sizes
are spread lognormally over multiple size classes. The open gray circle (Top
Left) is the bacterial microbiome (17).

factor (and vice versa). Such an inverse relation implies that a
roughly similar fraction of total body mass is present in each log-
arithmic cell-size class (Fig. 44).

Although the cellular biomass is overall approximately evenly
spread among cell-size classes (Fig. 44), there are notable irreg-
ularities, which are more evident when plotted on a linear bio-
mass axis (Fig. 4B). Among the smallest cells, there are breaks in
the continuity of the size distribution around platelets and hap-
loid sperm cells, near 107! g. Our size distribution does not
include these small cells, and only considers the distribution
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beginning at red blood cells (4 x 107! g). There are also promi-
nent biomass peaks comprising adipocytes (near 10 g) and
myocytes (near 10~ g), separated by a gap of relatively low bio-
mass. Unlike most other cell types, adipocytes and myocytes have
uncommonly broad size distributions and vary much more in
size than in count, with cell counts remaining relatively fixed
through ontogeny, obesity, or muscle atrophy (29-31). This gap
is also evident but less prominent in the reference female, and is
even less evident in the 10-y-old reference child (Fig. 4B and
SI Appendix, Fig. S5). We expect that this gap may be even
smaller in earlier ontogeny, when the musculature is less devel-
oped. With the exception of this gap, all variation in cellular
biomass lies within two orders of magnitude while cell size varies
over more than seven orders of magnitude. Despite the irregu-
larities, these results suggest little systematic tendency for cellular
biomass to vary across size classes.

Cell-Size Variation Across Cell Types. Our data also allow us to
consider variation in cell size across cell types. For cell groups
with sufficient data, we use size range values across 522 different
cell groups to estimate their CV (SD divided by mean cell mass;
Fig. 54). These estimates roughly align with the CV of prior
published human cell-size distributions (n = 54; SI Appendix,
Fig. S2), as well as ten classic model systems commonly used in cell-
size research, and for which numerous high quality measurements
exist (Fig. 5B; Materials and Methods). These distinct data sources
all show that across the full suite of cell sizes, CV is approximately
independent of mean cell size (Fig. 5B and SI Appendix, Fig. S6).
This implies that cell mass variance should scale with the mean
following a power law exponent of 2, and we estimate a value of
2.17 £ 0.03 (Fig. 5C; Materials and Methods). Despite adipocytes
and some neuron cell groups displaying higher variability than
most other cell types, there is not significant systematic variation
in CV across cell types over the full size range. Any constancy in
CV may imply that the underlying mechanisms responsible for
cell-size homeostasis are present across cells in the human body

(SI Appendix, Fig. S6).

Discussion

Data Uncertainty. The data on which our study relies are often
coarse and include several types of error. For example, many of the
cell-size measurements rely on 2D microscopy and approximations
of cell shape, rather than direct mass measurements, which are
available for some cell types that can be isolated. For many
cell types, there are limited available literature sources, and
estimated mean sizes sometimes differ by as much as fourfold
between sources. To express the uncertainty in cell size, we report
upper and lower bounds on cell size (for 1,020 of 1,264 cell
groups), which indicates the potential cell-size errors in the data
(Materials and Methods).

Estimation errors are also evident in cell counts, which can
vary as high as 20-fold between studies, though a factor of twofold
to fourfold variation is more common. Examples of large varia-
tions in data between studies include the small intestine entero-
cytes and endothelial cells, as well as counts in the heart, adipose
tissue, and lymph nodes (Materials and Methods and SI Appendix).
It is not known how these errors might affect the noise observed
in our analyses, be it irregularities in Fig. 3, or variability in Fig. 5.
Nor can we be certain whether these differences reflect biological
differences or measurement error. Nonetheless, we do not expect
that the range of estimation error, typically less than a factor of
10, to significantly alter the broad-scale patterns we observe over
seven orders of magnitude.
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Fig. 4. Cellular biomass and cell-size variation. The number of cells in a group multiplied by cell mass gives total biomass of a cell group. (A) Numerical
counts (from Fig. 3) are transformed to total cellular biomass within a size class, and show little systematic variation with log cell mass. Here we show
female cell biomass, which is broadly similar to the male and child (as shown in B on linear axes). Horizontal colored bands represent approximate
size ranges based on literature values. In some cases, the biomass of a cell type (colored points) may be greater than the size class sum if that cell
type is broadly distributed (e.g., adipocyte and myocyte). (B) Cell biomass can also be displayed on linear axes to highlight irregularities, particularly
among the largest cell types (adipocytes and myocytes). Male, female, and 10-y-old child are broadly similar, though the child displays a slightly more

even distribution of biomass (S/ Appendix, Fig. S5).

Estimates for a number of cell types are prone to significant
uncertainty. These include the size and counts of neuron and glial
cells, and particularly the neurons of the peripheral nervous sys-
tem. Stromal cells in general and vascular cells in particular also
pose challenges to whole-body estimation, given their ubiquity
throughout the body. Finally, our counts of the nucleated blood
cells such as lymphocytes, are several fold higher than some prior
estimates, a difference that should be further researched (Fig. 6).
A broader discussion of major uncertainties is in Materials and

Methods and SI Appendix.

Cell DNA Content. We have not investigated the relation between
cell ploidy and cell mass, which has long been thought to vary
proportionately (32), or possibly as a sublinear power law (20, 33).
There are however, some significant exceptions to these relations.
For example, some of the largest cells, such as adipocytes and
neurons are typically diploid, while several smaller cells such
as keratinocytes and pancreatic acinar and beta cells may be
polyploid. It is also not yet clear how these relations might extend
to the myonuclear domain.

We can, however, make a rough estimate of the proportion of
polyploid cells throughout the body from ploidy estimates across
major cell types. We estimate only about 1% of all nucleated cells
are polyploid (see Dataset S1 for details). However, myocytes, each
with thousands of diploid nuclei (31), make up about half of all
cell biomass, such that polyploid cells dominate the cell biomass
in the body. In total, polyploid cells account for about 10% of the
body’s DNA.

A Recurrent Pattern. The near-inverse relationship between cell
size and count that we report in Fig. 3 is reminiscent of classic

PNAS 2023 Vol.120 No.39 e2303077120

experiments in particular tissues where cell size and number trade-
off with one another to preserve tissue size. As mentioned, in some
cell types, a doubling of cell ploidy can approximately double cell
size, but the effect this often has is to halve the number of cells. This
size-count trade-off maintains overall tissue biomass, as has been
observed in salamanders (34), compartments of the Drosophila
wing (35), mouse embryos (36), mouse liver (37), and possibly
during human liver regeneration (38, 39). A plot of cell size vs. cell
number across different experimental ploidies would thus reveal
an inverse relation. The trade-off between cell size and count that
maintains a relatively constant tissue size thus bears similarity to
the inverse size-count pattern over the whole body (Fig. 3).

A similar pattern may hold across the bodies of mammal spe-
cies. From mouse to elephant, the mean size of most cell types is
similar (87 Appendix, Fig. S1) (5, 6), while most major tissue
masses are roughly proportional with body mass (40). If we assume
that the ratios of different cell types in different tissues are constant
across species, we should expect a similar inverse cell size-count
relation to hold in other mammals. As we have also suggested,
there is reason to expect the same pattern may exist in infants.
Taken together, these expectations suggest that predictable pat-
terns between cell mass and count may be established across mam-
malian developmental programs.

This size distribution appears to be common in nature. The
data in Fig. 3, can be expressed as a cumulative distribution func-
tion, which has an exponent a = -0.95 (87 Appendix, Fig. S4C).
A cumulative distribution function is proportional to a rank-size
relation (Materials and Methods), and highlights a parallel to what
is often termed Zipf’s law in other fields (41, 42). This pattern
includes such disparate phenomena as the size distribution of
cities (41), of asteroids (43) and of bodies in the ocean from
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Fig. 5. Size variation across cell types. (A) Published size distributions of select
human cell types (colored; n = 30) and cell-size model systems (gray; n = 10)
are normalized and found to be well approximated by a log-normal distribution
(Materials and Methods; SI Appendix, Fig. S2). (B) The CV (SD divided by mean cell
mass) shows little tendency to vary systematically with mean size across the full
range of cell types. (C) The variance in cell mass for each cell type scales as a power
law with exponent 2.17 (+0.04) against mean cell mass across all cell groups.
Small solid points in B.and C derive from estimates of SD from size ranges in our
dataset (n = 522). Open circles (n = 54) are from prior published distributions and
black shapes (n = 10) are from cell-size model systems shown in A (see S/ Appendiix,
Fig. S2 for legend, and Materials and Methods and SI Appendix for sources).

bacteria to whales (44). Moreover, this general size-distribution
has been previously associated with mean- variance scaling

(45, 46), similar to what we show in Fig. 5C (8] Appendix,
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Fig. S6). Such power law scaling between the mean and variance
in the size of a system is widely observed, particularly in the sizes
of animal populations, and is known as Taylor’s law in ecology
(47, 48). Both Zipf’s law (Fig. 3) and Taylor’s law (Fig. 5C) are
common among populations of individuals (44, 47, 48), includ-
ing unicellular systems (45, 49, 50). However, we are not aware
of these patterns having been previously reported below the level
of the individual, which highlights a recurrence across levels of
organization.

origins. To our knowledge, there is no universally recognized
process that accounts for these patterns. Nonetheless, many simple
random growth processes are capable of giving a stable inverse
size distribution (41, 42, 51). In particular, because cell size and
count emerge from the interplay of cell growth and division, the
balance of these respective rates may prove to be an important
factor. For balanced growth, rates of enlargement must match
rates of division (52-55). Mismatches between these (possibly
exponential) rates have the effect of multiplicatively varying size
while, inversely, varying count. A relatively fast division rate results
in both smaller cells, and more of them (and vice versa). For
example, this distribution might emerge if we assume mismatches
in these rates vary in such a way as to preserve mean cell size. If
we further assume a lower (reflective) bound on cell size, then,
following arguments in ref. 41, we should expect a size distribution
with exponent -1. We emphasize that many simple mechanisms
are possible, and no doubt the actual process is likely a great deal
more complex. Nonetheless, the observed regularity between size
and count may reflect fundamental principles that underlie the
balanced control of cell growth and proliferation.

Applications. Our data may help to place overall bounds on
human cell quantities and to identify major areas of uncertainty,
as we summarize further in S/ Appendix. For example, the total
number of lymphocytes, often considered to be near 500 billion
(56-59), is of key relevance for understanding immune function.
Our assessment of the available data and more up-to-date
studies of the blood organs and other tissues, suggests that this
number may need a fourfold revision upward to approximately
2 trillion (Materials and Methods, SI Appendix). Such a major
discrepancy of lymphocytes in the major blood organs could have
implications for diagnostics of lymphocyte kinetics in leukemia,
HIV, and other lymphocyte-related illnesses (60).

Our compilation of size ranges across cell types are rough,
sometimes deriving from a small number of literature values.
Nonetheless, they provide some constraint on expected cell size,
which is often needed for cell identification in immunohisto-
chemistry, cell isolation, or predictions on successful flow in
microfluidics. More generally, an integrated framework of the
prior literature facilitates contextualization of more focused stud-
ies, such as those pertaining to the Human Cell Atlas (21, 22).
For example, our data could provide reference values in cases
where different sequencing methods give different cell propor-
tions over similar tissues (21, 23, 61). We also expect these data
may help in understanding protein content and turnover, dosim-
etry, development of therapeutics, and as a baseline reference for
cell biology (7). Finally, cell size may offer energetic and dynam-
ical predictions, in the same way that body size predicts rates of
growth, metabolism, maturation, and mortality at a much larger

scale (62, 63).

Conclusion. We have attempted to summarize the basic quantities
of size and count over most major cells of the human body. We
show that cell biomass is roughly independent of cell-size class.
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Lymph nodes .19 1.1e12 Primate derived lymphocyte counts per Olir IyTph noclc-,:la;nd sptlser:\ Iymphocytg
gram of tissue are extrapolated to human estimates are imes higher than a prior
spleen and lymph nodes (Ref: 67). Other study based on rodent-derived cell counts,

. N . . extrapolated to humans (Ref: 56). Non-

Spl f;‘ij(;‘sts derive from published cell type nucleated cells in the spleen were not

pleen . addressed in prior studies.
Estimated thymus mass per DNA mass is ; ; -

Thymus I.oz 8.6 €10 combined with published ratios of e gy ropresantative of prior
particular cell types. T

Remaining The major blood cell types are estimated in  Few prior estimates exist for the ratios of

i ell most other major body systems based on  blood cell types across multiple organs and

oues prior reported tissue-specific estimates. tissues.
Our methods combine data at multiple Estimates accord with prior work for non-

Total 4.7 levels, from highly focused studies to nucleated cells, but suggest a three-fold
whole body estimates. revision upwards for nucleated cells.

@® . Non-nucleated cell
@® B Nucleated precursor L")

:w . Macrophage
Monocyte

T or B lymphocyte
- Other lymphoid cells

‘{b:" i Neutrophil

@ Il other granulocyte

&

Fig. 6. Summary of blood cell distribution across blood organs and other tissues. Blood cell size and count are estimated for each of the intravascular, major
blood organs and over all remaining tissues. Numerical values refer to a reference male. These estimates derive from reported total biomass of each major
tissue system. The relative biomass fraction for each tissue is shown as a hatched shaded gray bar in the leftmost column. The first row (intravascular) shows
the same data as the second, except that nonnucleated red blood cells and platelets are removed (as in Fig. 1A). Total cell biomass (kg) and cell count in each
system are partitioned into eight blood cell groups (colored bars) based on a variety of methods. We highlight where our methods and estimates differ with

prior published sources.

Although cell size is often tightly regulated and closely linked to
function (1-4, 9, 11-13), this independence suggests that there

- Male, (70 kg, 176 cm in height and 20 to 50 y of age).
- Female (60 kg, 163 cm in height and 20 to 50 y of age).
- Child (32 kg, 138 cm in heightand 10y of age) (24-26).

is no best size for a cell. Rather, the cells of the body are roughly
spread across the cell-size range, through a trade-off between cell
size and count. While the developmental mechanisms underlying
this pattern remain unresolved, its similarity to patterns at other
scales and in other fields is intriguing and may offer clues to its
origin. Our holistic perspective of cell size and count has identified
some major gaps in knowledge (SI Appendix), some of which

Our main dataset (Dataset S1) compiles cell size and count data from more
than 1,500 published sources for 400 known cell types across 60 tissue systems
in the body, giving 1,264 cell groups. These cell groups are classified according
to two separate taxonomies; one based on various levels of cell type groupings,
and one based on the body and tissue system in which different cell types are

may have health implications, such as the total body lymphocyte
count. More generally, cell size and count are intimately linked
to the dynamics of growth and proliferation (18, 19). A better
understanding of the relation between cell size and count may
thus yield insight into balanced growth as well as abnormalities

in its regulation.

Materials and Methods

Below we provide a high-level summary of the methods used to build our data-
setsand ourapproach for representing these data in the figures. More details are
available in S/ Appendix, which includes additional methods, major outstanding
uncertainties, the differences with prior whole body cell counts, further notes to

Figs. 1-6 and SI Appendix, Figs. S1-S9.

All data and detailed methods and original sources are available in Dataset S1,
with supporting data in Dataset S2. An interface to Dataset S1 s at https://human-

celltreemap.mis.mpg.de/.

To estimate the human cell-size distribution, we compiled measures of cell size
and count across cell types and tissue groups of the bodies of three reference

anatomical models (24-26):

PNAS 2023 Vol.120 No.39 e2303077120

located. Recent work is further refining cell types into many additional classes
(22), and we also provide a more resolved cell type classification into 924 more
specific cell types. Although this may better align cell type taxonomy with more
resolved cell types based on molecular markers or RNA expression, we cannot
keep pace with the speed with which new cell types are being described. Included
in Dataset ST is a worksheet that lists the levels of ploidy in common cell types,
from which we estimated the proportions of polyploid cells throughout the body.

Supporting data (Dataset S2) include a dataset on cell-size distributions for 54
cell types compiled from the literature, from which we selected the 30 cell types
shown in Fig. 5 and the 25 cell types shown in S/ Appendix, Fig. S2.This dataset
also includes the 10 model systems commonly studied in cell-size research,
shown as black shapes in Fig. 5 and S/ Appendix, Fig. S2. Finally, we include a
dataset of cell size for 33 cell types across mammal species spanning the size
range from mouse to elephant shown in S Appendix, Fig. S1.

Data Compilation. In order to estimate the cell size and number for the different
cell groups, we used tissue parameters for the reference male, which comprises
considerably more extensive and detailed data than exist for the female and
child models (24-26). Tissue level data and parameters were drawn from the
publications of the ICRP (24-26).The ICRP provides a common unifying base for
which separate tissue masses and associated surface area, hydration level, protein
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content, extracellular mass, and fat mass have been estimated from multiple
autopsies, and in vivo MRl and CT-scan data.

Estimates of cell size and count for a reference female and child are based
on the more complete reference male model, following several simplifying
assumptions. For most cell types, we assumed similar cell sizes and similar ratios
of different cell types in each tissue. This allowed us to scale male cell counts
to female and child models on the basis of reported ratios of respective tissue
masses in each model for most of the ~60 major tissue systems. For cells such as
myocytes and peripheral nerves, on the other hand, we assumed that cell count
is constant (29, 30), while cell size was assumed to vary as a system enlarges.
In these cases, we scaled cell size (rather than cell count) accordingly between
reference models. Finally, we undertook a detailed study of female reproductive
organs, with particularemphasis on the cell groups of the breasts (n = 74), uterus
(n=34)and ovaries (n = 48).

For each tissue group detailed in the ICRP, we determined the relevant cell
types, their relative proportions, and the mean and range (where possible)
of cell mass. For commonly studied cell types, this was determined by taking
an average and range of values from multiple published studies. For poorly
studied cell types, cell sizes were estimated from closely related cell types, or
calculations based on multiple cell components or contextual indicators. For
example, in the absence of published measurements for peripheral neurons
or myocytes we used average estimates of axon or myocyte diameter, based
on cellsin similar locations with similar functions. Estimates of cross-sectional
area were then multiplied by an approximate length, appropriate for the cell's
relevant location in the body. In the case of neurons, we added cell body and
dendrite mass. We determine the mean and range of cell mass for each cell
type, and we calculate the number of cells based on their aggregate cellular
mass, surface area and/or DNA concentration. Finally, cell masses and counts
are cross-validated against multiple sources over a nested set of boundaries
across the tissue to organ hierarchy.

Below, we briefly summarize each major cell class, providing a more detailed
summary of each cell class in S/ Appendix. We focus on the reference male model,
unless otherwise stated. Note that the ordering by cell class does not reflect the
manner by which the data were originally compiled. Rather, as indicated above,
the body was segmented into separate tissue groups, with relative proportions
of all the different cell types in each tissue estimated in each component. We
then scaled those proportions to the relevant mass across each of the three focal
anatomical models.

Blood cells. The reference male contains 4.7 kg of blood cellular mass, 55% of
which resides in the intravascular, while 45% is extravascular tissue-resident.
Roughly half of the tissue resident cell mass resides in the four blood organs,
distributed as shown in Fig. 6. In Fig. 6, we summarize these data into eight
cell classes across six broad tissue categories. We have classified blood cells
into n = 53 blood cell types, and enumerated many of these types across
some 30 tissue systems. In total, we consider 191 blood cell groups, much of
the data for which derive from refs. 64-67. Our estimates of nucleated blood
cell counts are significantly higher than prior estimates (56-59), and deserve
further study (Fig. 6).

Myocytes. Myocytes include striated skeletal myocytes and cardiomyocytes, and
smooth muscle cells. We compiled separate myocyte mean sizes and counts
for 243 skeletal muscle groups in the body addressing 350 muscle pairs. We
assumed that skeletal myocyte counts are fixed across reference models (30),
and scaled myocyte size based on the ratios of the total muscle mass of female
(0.625) or child (0.393) to male. Cardiomyocyte counts are based on published
counts of myocytes for specific sections of the heart (68-70), extrapolated to the
entire heart. Cardiomyocytes in the reference female and child require scaling
both fiber size and countin both models based on heart mass ratios and patterns
of cardiomyocyte maturation and hypertrophy (71, 72). Smooth muscle is distrib-
uted throughout the body (n = 27 cell types and n = 41 cell groups), and made
use of specific studies, where available, or else generic smooth myocyte sizes.
Epithelial and endothelial. Epithelial cells make up the majority of the well-known
cell typesin the body (n = 142 unique cell types and 228 cell groups), and as such
are difficult to adequately summarize. For many tissues, estimates were made of cell
count using a generic cell apical surface area and a total internal and external tissue
surface area. Wherever possible, microvascular studies providing capillary densities
(mm capillary per mm? of tissue) in different locations were used in conjunction with
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endothelial apical surface area (600 to 1,350 pmz), to put bounds on endothelial
cell counts for different parts of the body. Given their ubiquity throughout the body,
there remain large uncertainties in endothelial cell sizes and counts.
Stem, germ, and pericyte. Our data include n = 39 stem cell types distributed
across most major body systems (73 stem cell groups). We refer to germ cells as
all potentially reproductive cells in the germline, thus including haploid gamete
cells. The reference male germ cells refer to the various diploid and haploid stages
of sperm formation (n = 13 cell groups), while the reference female germ cells
refer to the various groups of oocytes (n = 10 cell groups). Our data estimate
pericyte counts in 38 tissues based primarily on location-specific pericytes to
endothelial cell ratios, the latter of which we have estimated separately.
Adipocytes. The reference male potassium-based total cellular mass of adipo-
cytes is 13.3 kg (24). This is distributed as hypodermal (=6.5 kg), yellow bone
marrow (=2.2 kg), visceral (=3.5 kg), and the interstitial adipose tissue in differ-
ent organs (=840 g), with an additional 300 g of stromal cell mass, partitioned
proportionately across the four groups. These values differ significantly in female
and child models, totaling 18.1 kg and 6.9 kg of adipocyte cellular mass, respec-
tively (25). We assumed that the relative proportions of different cell masses
of adipocytes were constant across all anatomical models. We thus scaled the
adipocyte counts according to the relative adipose tissue masses (25). There is
some uncertainty in the size distribution of adipocytes over the whole body, as
discussed in S/ Appendix.
Neuron and glial. Estimates of neuron and glial cells require several kinds of
methods and pose significant challenges. In total, our data list mean cell masses
and cell counts for 57 neuron cell types (159 groups) and 22 glial cell types (81
groups). These are distributed across various locations of the central and periph-
eral nervous systems, as well as other tissue systems, particularly the enteric
nervous system. We estimate a total of 88 billion neurons and 87 billion nonneu-
rons, consisting of ~53 billion glial cells, ~4 billion microglial macrophages, and
30 billion other stromal cells (vascular) in the brain of the reference male. This
is consistent with a 1:1 neuron to nonneuron ratio and a total brain cell count of
170 = 13 billion (73, 74). For the reference female and child, we assumed the
masses of glial cells in both the CNS and PNS were constant across all models, and
scaled their counts by various tissue mass ratios (25, 75-77). A similar approach
was taken for the neuron cells in the CNS, but for those in the PNS, we assumed
cell counts constant and scaled neuron sizes by tissue mass ratios.
Fibroblasts and osteoid. We have used specific values for cell size and countin
different tissue systems, where available. We estimate fibroblast cell sizes and
counts in 56 tissue systems, which include chondrocytes, tenocytes, keratocytes,
reticular cells, etc. Fibroblasts and osteoid cell masses and cell type ratios were
assumed constant across reference male, female, and child models, while counts
were scaled according to relative cellular mass ratios of the relevant tissues.

A more in-depth summary of each of these major cell classes is available as
SI Appendix, Supplementary Methods, and specific details for each cell type are
available in Dataset ST and at https://humancelltreemap.mis.mpg.de/.

Whole-Body Cell-Size Distribution. We considered the cell-size distribution
in multiple ways. First, we simply summed all counts of each cell type whose
mean size fell within each log size class (S Appendix, Fig. S4D). Using only the
mean cell size for a cell type, however, can distort the overall distribution if that
cell type actually varies over a broad range of size classes, resulting in irregular-
ities that are possibly artifacts. An alternative is to use both the cell-size mean
(colored points in Figs. 3 and 44) and range (light horizontal lines in Fig. 44).To
do so, we assumed that the size distribution within any particular cell group can
be described by a lognormal (Figs. 3 and 4 and S/ Appendix, Fig. S2; see "Size
Variation across Cell Types," below) (7, 78). We further assumed that the size range
represents four SDs, since in many cases our range values derive in this way from
reported SDs in the literature.

To spread mean cell size across a more realistic size distribution for each cell
type, we obtained lognormal quantiles for the counts, and used these to build
the whole-body size distribution in Fig. 3 (outlined in S/ Appendix, Fig. S3). We
verified that partitioning our counts over lognormally distributed sizes in this
way conserved both the total cell countand total biomass (to within a few grams).
While this method of partitioning counts across size classes makes full use of
the data available, it makes little difference to the exponent of the distribution
(51 Appendix, Fig. S4).
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We report ordinary least squares regression statistics for the fit between the
log of total count in each size class vs. the log of the geometric mean of the size
class. In the case plotted in Fig. 3, bins increase by a multiplicative factor of 2 from
small to large (octave size classes), beginning at the lower bound of erythrocytes,
and giving 26 size classes across the full range of cell sizes. We ignored binning
cells smaller than erythrocytes (blood platelets and the smallest haploid gamete
cells), to avoid fitting the distribution over relatively large gaps. In Fig. 3, we report
that the distribution is well approximated by a power law with a slope near —0.97
with @ 95% Cl of —1.09 to —0.87.

Several alternative representations and fitting methods of the cell-size distri-
bution give exponentvalues that are typically within our reported Cls (S/ Appendix,
Fig. S4).Varying size class width or bin number, and the way in which we distribute
counts for each cell type over their size range, all yield exponents typically near
—1(S/ Appendix, Fig. S4 B and E). As an alternative to binning the data into size
classes, we can represent cell sizes as a complementary cumulative distribution
function (CCDF) (42). Plots of the CCDF are shown in S/ Appendix, Fig. S4 C and
F.While we have reported CCDF exponent values derived from least squares, we
have also fit these distributions using maximum likelihood, using methods for
binned data (79), finding that the fitting method does not significantly alter the
exponent, with best fits within our reported 95% CI.

The cumulative distribution function (CCDF) is the fraction (or else the total
number) of cells with size greater than or equal to x. The CCDF, with exponent o =
—1, means the probability that the size of a cell is greater than some x is propor-
tional to 1/x; that is, P(size > x) ~ x". The cumulative distribution is proportional
to another common representation, which is the rank of cell size. A rank-size
relation is the way that Zipf's law is most typically represented (41, 42). If we rank
the sizes of cells from smallest to largest, then there are n cells with size greater
than or equal to that of the nth largest cell. But “the nth largest cell is of size x”
(rank), is the same as "n cells are of size x or greater” (cumulative distribution).
As such, the exponent obtained from regressing the log count against the log
size class (e.g. a = —0.97, Fig. 3), should give a similar exponent to the CCDF
(e.g. o =~ —0.95; S/ Appendix, Fig. S4C), or the rank-size relation. It should also
be noted that the corresponding probability density has an exponent a —1; that
is, p(x) ~ x*~", thus having a value near —2.

size Variation Across Cell Types. We obtained cell-size range data for 1,020 of
1,264 cell groups in our dataset, though many of these are the same for a given
cell type in different tissues. These data were obtained largely from the literature
or calculations from contextual indicators (e.g., body location) or morphological
components (e.g., diameter). The latter could include, for example, estimates of
typical ranges in lengths multiplied by ranges in cross-sectional area to obtain
a mass range for a neuron or myocyte group. The cell-size ranges are shown as
horizontal lines in Fig. 44, and are converted to an estimated SD to compute the
CV(SD divided by mean) in Fig. 58 and variance (SD squared) in Fig. 5C.
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