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SUMMARY: This manuscript presents a conceptual and methodological synthesis of quantitative morphology and stereological
inference, structured as a Socratic—Platonic dialogue between Socrates and Theaetetus. Through a progressive sequerscenaf questi
answers, the dialogue contrasts descriptive morphology with quantitative approaches, emphasizing that measurement alone does no
confer rigor unless embedded in an appropriate sampling design and statistical inference. Core themes include the rintérpretatio
numerical data through their distributional properties, the treatment of digital images as quantitative entities, araf tuntalted
image formation, particularly Kéhler illumination, in ensuring reproducibility. The distinction between precision, accdragstematic
bias is examined, together with major sources of bias arising from tissue processing, sectioning artifacts, and impraggefrotfere
two-dimensional sections. Fundamental stereological principles are presented with emphasis on design-based approaches. Volume
estimation by Cavalieri's principle is discussed as an example of inference independent of geometric assumptions. Atrtbetlsame t
fractionator—disector method is highlighted as a robust estimator of object number independent of size, shape, or tissdedalume
based and design-based stereology are contrasted to underscore the shift from assumption-driven to probability-baséchagference.
analysis is addressed as a tool that accelerates measurement but does not alter the definition of the experimentdbgiaitodr the
inference. Across all examples, the manuscript argues that quantitative morphology is defined not by the accumulatioeroéntsasur
but by the disciplined integration of measurement, probabilistic sampling, and statistical reasoning. When these elemeoiteferm
framework, morphology advances from descriptive observation to reproducible scientific knowledge.

KEY WORDS: Quantitative morphology; Design-based stereology; Bias and sampling; Image analysis; Fractionator—
disector method.

INTRODUCTION

Plato's dialogue is a classical philosophical form ithinking itself, moving from opinion (doxa) toward
which knowledge is advanced through structureplistified knowledge (episteme). By dramatizing inquiry,
conversation rather than linear exposition (Platd?lato shows that rigorous reasoning depends on precise
Theaetetus. In: Platonis Opera, ed. J. Burnet. Oxfordefinitions, methodological awareness, and logical
Oxford University Press). Typically, one interlocutor, mostoherence. A paradigmatic example is Theaetetus, in which
often Socrates, guides the discussion by posing questi@rcrates examines competing definitions of knowledge
that expose assumptions, reveal contradictions, aHttough systematic questioning, without arriving at a final
progressively refine concepts. Understanding emerges oigmatic answer. This open-ended structure underscores
from authoritative statements but from dialectical inquinfPlato's conviction that genuine understanding emerges
in which claims are tested through reasoned exchange. Ttlisough disciplined inquiry rather than rhetorical
method emphasizes process over conclusion, inviting thersuasion.
reader to participate intellectually in the unfolding argument
rather than passively receiving doctrine. Two supporting documents—a Best-Practice

Checklist for Quantitative Morphology Studies and Table

In Plato's works, dialogue serves both a pedagogickt—are provided to guide methodological decisions and

and an epistemological function: it mirrors the act ofénsure transparent inference.
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Best-Practice Checklist for Quantitative Morphology Studies
A. Study Design and Biological Question

Is the primary outcome clearly defined as a planar (2-D) or spatial (3-D) parameter?

Does the biological interpretation require absolute quantities (volume, surface, length, number) or only relative/plariaoestp
Is the reference space (organ, region, compartment) explicitly defined?

Is the chosen quantitative approach (morphometry or stereology) justified based on the dimensionality of the parameter?

B. Method Selection: Morphometry vs. Stereology

Morphometry used only for strictly planar or relative measurements without 3-D inference
Stereology selected for volume, surface, length, or number estimation

Design-based stereology is preferred when object size, shape, or distribution is heterogeneous
Tissue isotropy or anisotropy evaluated prior to sectioning strategy

Appropriate section orientation method applied (IUR, vertical sections, orientator), when required

C. Sampling Strategy

Biological experimental units clearly defined (e.g., animal, specimen, patient)

Distinction made between biological replication and technical replication

Sampling hierarchy explicitly described (sections per specimen, fields per section)

Random or systematic random sampling applied at all relevant levels

Pilot study performed to estimate variability and guide sampling density

Emphasis placed on increasing the number of biological units rather than excessive within-unit counts (“do more, less well”)

D. Digital Image Acquisition

Microscope type, objective magnification, and numerical aperture reported

Each objective is independently calibrated using a stage micrometer or equivalent
Pixel size explicitly stated and consistent across all images

lllumination, exposure, and detector settings were kept constant between groups
Lossless image formats (e.g., TIFF or RAW) used for quantitative analysis

Bit depth reported (preferabiyl 2-bit for intensity-based analyses)

No post-acquisition rescaling or mixing of images with different resolutions

E. Image Analysis

Software name and version reported

Calibration verified within the analysis software

Thresholding and segmentation criteria predefined and documented
Region-of-interest selection standardized across observers and groups

Inter- and/or intra-observer variability assessed when manual steps are involved
Automated or Al-based pipelines validated against established quantitative methods

F. Stereological Implementation (if applicable)

Reference volume explicitly defined and measured

Appropriate unbiased probes selected (points, lines, frames, disectors)

Counting rules (forbidden lines, inclusion/exclusion criteria) clearly stated

Section thickness, disector height, and guard zones reported

Adequate number of points/intercepts achieved based on pilot estimates

Estimates expressed as densities and, when appropriate, converted to total quantities using the reference volume

G. Statistical Analysis

Nature of variables identified (continuous vs. discrete)

Data distribution assessed and reported

Parametric tests are used only when assumptions are reasonably met
Nonparametric tests are justified when used

Sample size rationale or power considerations described

Effect sizes and confidence intervals reported alongside P values
Error bars clearly defined (SD, SE, or confidence interval)

H. Reporting and Reproducibility
All methodological choices explicitly justified
All acquisition, analysis, and sampling parameters are transparently reported
Limitations related to method choice and potential sources of bias acknowledged
Terminology used consistently (morphometry, model-based stereology, design-based stereology)
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Characters

Socrates (Athens, c. 469-399 BCE) — representirgiscordant conclusions, the discord cannot be attributed
methodological scrutiny and logical discipline. solely to nature. In such cases, the source of divergence
lies in the mode of observation and in the logic by which
Theaetetus (Athens, c. 417-369 BCE) -observations are transformed into conclusions.
representing mathematical training and empirical practice.
Theaetetus:Then rigor does not arise automatically from
1. PROLOGUE (Fig. 1) quantity, but from governance of method.

Theaetetus: The work under consideration presentSocrates: Precisely so. Figure 1 establishes this
extensive imaging, numerical measurements, and fornmitinction. Qualitative morphology persuades through
statistical analyses. Within current scientific practice, sugfppearance and analogy, whereas quantitative
elements are often regarded as sufficient indicators of rigaforphology aspires to knowledge through explicit rules
of observation, sampling, and inference. Where such rules
Socrates: Such regard is understandable, yet it igre absent, numerical description merely substitutes

incomplete. When equivalent tissues, prepared andmerals for adjectives, without altering the epistemic
observed under ostensibly similar conditions, yieldtatus of the claim.

The Importance of Quantitative Morphology

From subjective impressions to quantitative evidence:
objective measurements, standardized methods, and statistical analysis
yield reproducible and interpretable insights.

QUALITATIVE MORPHOLOGY QUANTITATIVE MORPHOLOGY
Subjective » Descriptive  Non-reproducible Objective = Measurable « Reproducible
VWhaT — DD @ What we measure  [4263 “’ > a‘.‘ 5 7
< : > 1sual \mpressmn

without measurement
or scale.

Measured variables

« Cell area (um?)

s Cell diameter (um)

« Nucleus area (pm?)
 Cell density (cells/mm?)
* Shape descriptors

Calibrated imaging
with a scale allows
extraction of
quantitative features.

Example data (cellares, ym?) | Distribution of cell area st
How we interpret How we analyze T (n=126) s“r:'::” shatatics
Observer-dependent “Cells look different III Measurements are T | me |le® :1' . X
O descriptions; in size and shape.” summarized and | o7 | e . Sl
no objective criteria. o o analyzed statistically. | 142 g | Median =122.0 pm?
= £ 0 SD = 28.7 pm?
| | o
n 126 0 50 100 150 200 250 95% Cl=119.2-131.6 ym®
Area (um?)
What we obtain Example conclusion WhaF w'e °bt?in Example conclusion
Descriptive statements The tise e howsyariabla 3;@”;:';?;’;:5“"’“&5 Cells have a mean area of 125.4 + 28.7 pm? (95% Cl: 119.2-131.6 pm?).
that cannot be tested cell shapes and sizes." testable d\ffer’ences, Group A differs significantly from Group B (p < 0.01).
or compared reliably. and biological meaning. These results are reproducible and biologically interpretable.

RESULT: RESULT:
Subjective and vague conclusions Reproducible quantitative estimates and statistical inference
Not testable » Not comparable = Low reproducibility Objective » Testable * Comparable + High reproducibility

Good practice
@ Quantitative morphology turns observations 5 Use calibrated Define and Report methods, /‘\ Ensure

message into data, reduces bias, and strengthens imaging and measure sample size, and reproducibility
scientific conclusions. appropriate relevant I statistics w across samples
resolution. variables. transparently. and studies.

Fig. 1. Rationale for quantitative morphology. This figure contrasts qualitative and quantitative approaches to morphqicgijaiiiie

side represents observer-dependent visual interpretation without standardized criteria, whereas the quantitative sistewizpiets a
workflow based on calibrated measurement, defined variables, and statistical inference. The figure emphasizes thaabdigntific v
arises from controlled measurement, probabilistic sampling, and coherent analytical reasoning rather than from the acofimulation
observations.
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2. ON NUMBER AND STATISTICAL FORM (Fig. 2) of the distribution is to assume structure rather than to

discover it.

Socrates:Measurement yields numbers, yet numbers do not

possess meaning in isolation. Theaetetus:Then statistical rigor begins before hypothesis
testing.

Theaetetus:Meaning arises from their organization.

Socrates:It begins with form. Only when the distribution is
Socrates:Indeed. Figure 2 illustrates that numerical valuesnderstood can dispersion, central tendency, and comparison
may be symmetrically distributed, skewed, multimodal, aacquire legitimate meaning. Otherwise, numerical precision
uniform. Each form carries distinct implications formasks conceptual error. Statistical validity begins with
inference. To apply a statistical test without prior examinatiorerification of distributional assumptions.

Distribution Patterns in Quantitative Morphometric Data

Morphometric measurements can follow different distribution shapes.
Identifying the distribution and testing assumptions are essential for choosing appropriate statistical methods.

Normal (Gaussian) Distribution Non-Normal Distributions

Skewed (Right-Skewed) Bimodal (Mixture)
40 40 40
n=120 n=120 n=150
30 7 4 =125.4 pm? E30 i Mean > Median | € 30 1 Mixture of
1 N ’ g ! & /| subpopulations
E : o = 28.7 pm? E o : -=- Median § 5 r
I = ! — Mean o
g 20 i g 1 g \
c [ | (e N I/
o | 10 ! 10 N 7 AN
: | | W
& 10 : o VI S e o LA
: 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300
1 Measured variable (e.g., cell area, pm?) Measured variable (e.g., cell area, pm?)
0 I

0 50 100 150 200 250

Uniform (Rectangular]
Measured variable (e.g., cell area, pm?) 40 ( gular)

f; 0 = e n =100
S All values are
° Typical parametric tests = 10 (approximately)
(when assumptions are met) T ol . | : . : equally likely
0 50 100 150 200 250
Measured variable (e.g., cell area, pm?)

Good practice Check assumptions ﬁ Choose appropriate tests Summary
Explore your data: Test for normality and = | Use parametric tests for ‘O/" Distribution assessment is key
histograms, Q-Q plots, homogeneity of variances =] normal data; non-parametric to valid quantitative
summary statistics. before analysis. or mixture models otherwise. morphometric analysis.

Fig. 2. Distribution patterns in quantitative morphometric data. This figure illustrates common distributional forms in ratsiphom
datasets, including symmetric (Gaussian), skewed, bimodal, and uniform distributions. The shape of the distribution tetsrmines
to interpret the central tendency and dispersion, and whether parametric assumptions are valid. Statistical infereecegpenefor

on prior verification of distributional properties rather than on numerical summaries alone.

3. ON IMAGES AS NUMERICAL ENTITIES (Fig. 3)

Socrates:From what source do quantitative measurementheaetetus:Each pixel represents a discrete intensity value.
most commonly arise in morphology?

Socrates:Figure 3 addresses a common confusion. Spatial
Theaetetus: From images acquired by optical or digitalresolution determines the smallest resolvable feature and thus
systems. the image's information content. Dots per inch, by contrast,

concern only reproduction. Quantitative analysis cannot
Socrates:Then an image must be examined not as a picturecover information absent at acquisition, regardless of visual
but as a numerical construct. refinement.
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Resolution, File Format, and DPI in Quantitative Imaging

Quantitative accuracy depends on spatial resolution (pm/pixel), not on DPI.
Use appropriate file formats and consistent acquisition settings to ensure valid and comparable measurements.

1. File Formats: Choose lossless or RAW for quantitative studies 2. Spatial Resolution (Sampling): Determines Measurable Detail

2 Info Transparency " ‘Quantitative : Spatial resolution is the physical size represented by each pixel (um/pixel).
— COmPTESSON | retention | layers Bitdepth  oitabiiy | YPiedluse It determines how much real-world detail is captured
o [me—" High spatial reselution Medium spatial resolution Low spatial resolution
ilid TIFF Lossless Complete Yes 8,16,32bit  Excellent it (0.25 pmpixel) (0150 wrinbesd) o0 el |
Good for f B =
PNG Lossless Complete Yes 8,16 bit Excellent | Oo0c for figures *
and analysis Ry
10,12, 14, Best for original e T
RAW Lossless Complete No bt Excellent  data {needs z ol i
conversion) T ¢
- Not recommended 1 B
T JPEG Lossy Partial No 8 bit Poor 5 wanle
oo ahemative. More piels per unit length Fewer pixels per unit length
Lossl ;
e Complete Yes 816bit  Excellent  touncompressed | | More detail captured less seta | Carieet
) TIFF Higher measurement accuracy Lower measurement accuracy.

Lossy compression (e.g., JPEG) can remove or alter pixel information and
introduce artifacts, which compromisites quantitative me

urement

3. DPI (Output Scaling): Affects Size, Not Information

DPI (dots per inch) defines how large the image appears on screen or in print.

Choose a sampling that satisfies the Nyquist criterion: pixel size should be < 1/2 to 1/3
of the smallest structure you intend to measure.

4. Calibration: Link Pixels to Real-World Units

Calibration eonverts pixels to metric units (e.g., um/pixel) using a stage micrometer or calibrated slide.

It does not change the number of pixels or the amount of detail.
Same image data (1000 x 1000 pixels) Calculate calibration

factor

Apply to all images
from the same

Measure known
distance (e.g., 10 pm)

Acquire image of

Same image data (1000 x 1000 pixels)
calibration standard

at 72 DPI (screen)

in pixels
9, @h Pixel size S0, DY @ Pixel size e ¢ T‘ Cal‘w::;i::xim
56320 Y oo o5 i i \\I\\H\‘H\l\HII|IHIMHI|W|HII -+ | —> l | teomtmes
Tl T e
Changing DPI only changes the physical size of the output, not the content. = 40 pixels i o:i plxels.
@ Quantitative measurements depend on spatial resolution (um/pixel). - 0.25 ymfpixel

Key Take-Home Messages Bottom line
+/ Spatial resolution (um/pixel) determines the level of detail and quantitative accuracy.
+/ DPI affects only how large the image appears, not the information it contains.

+ Use lossless formats (TIFF, PNG) or RAW files; avoid lossy compression (JPEG).

/' Calibrate your system and report pixel size, magnification, and file format.

Report in your methods

« Image format and bit depth
« Magnification and numerical aperture (NA)
« Spatial resolution (um/pixel)
* Calibration method and software used

Standardize acquisition parameters and use
appropriate formats and resolution to ensure
valid, reproducible, and comparable quantitative
rmeasurements across samples and studies

o

Fig. 3. Spatial resolution and image data in quantitative imaging. This figure distinguishes spatial resolution from display
parameters. Spatial resolutiqm{/pixel) defines the smallest measurable feature and thus the quantitative information content
of the image. In contrast, dots per inch (DPI) affect only display or print scaling and do not alter underlying data. Lossless
formats preserve pixel information, ensuring that measurements reflect acquired data rather than compression artifacts.

4. ON ILLUMINATION AND EPISTEMIC CONTROL
(Fig. 4)

5. ON MEASUREMENT AND THE LIMITS OF
DESCRIPTION (Fig. 5)

Socrates:Does adequate resolution alone guarantee faithf8bcrates: With illumination controlled, measurement

representation?

Theaetetus:It does not. lllumination must be uniform.

proceeds.

Theaetetus:Linear dimensions and areas may be obtained

with high precision through calibrated videomicroscopy.
rather than an aesthetic preference. be converted into metric units using a reference standard, as
illustrated in Figure 5; otherwise, measurements lack
Theaetetus:Kéhler illumination provides such control. ~ Physical meaning.
Socrates:Figure 4 demonstrates that uneven illuminatiogOcrates:Yet Figure 5 recalls a fundamental limitation. A

generates intensity gradients indistinguishable frofystological section _reveal_s only an intersection between a
biological variation. In such circumstances, measuremép|gne and a three-dimensional object.

records the optical artifact rather than the structurey . otetus: Thus morphometry describes sectional

Reproducibility, therefore, begins at image formation, n%}ﬁ)pearances. '

at numerical analysis. Such control is achieved throug

Koéhler illumination, which standardizes the i”uminatiOFSocrates:Precise|yl Description, even when precise, does

field and regulates the effective numerical apertur@ot constitute an inference about the object as a whole.

ensuring reproducible imaging conditions. Confusion between these levels transforms measurement
accuracy into interpretation error.
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KOHLER ILLUMINATION
FOR STANDARDIZED QUANTITATIVE MICROSCOPY

u OPTICAL CONFIGURATION B ALIGNMENT PROCEDURE (STEPWISE)

Eyepiece i =
(ocular) n Focus specimen e Close field diaphragm Adjust condenser Center and open
(focus diaphragm) field diaphragm

. Adjust condenser
aperture diaphragm

Effect of aperture diaphragm setting

Objective lens
. NA = 0.75)
(eg ) Toodorsd, UL o
| N | (=07-08xNA,,)

Specimen plane
(focal plane)

Focus the specimen Reduce the field Out of focus In focus. Outoffocus | Off-center  Centered  Just fills
Condenser lens using the objective diaphragm aperture (blurred edge)  (sharpedge)  (blurred edge) thefield | bighcontrast  Bolinced conrast  Lowe contrast
system i (iing the'field (edge disappears) | Lowresobon Optna esoution S =
_-_&7\---_ Condenser aperture diaphragm lever.
/' diaphragi(controls NA) Open the condenser aperture
A Field diaphragm Uniform bright field Diaphragm edge Move the condenser up or down Use centering screws to center | diaphragm to ~70-80% of the
= (no diaphragm visible) visible to focus the field diaphragm image. the diaphragm, then open it objective NA.

(controls field size)
until it just fils the field of view.

Light source Controls angular aperture (NA).

(lamp or LED) Optimal setting maximizes

Conjugate planes (imagins resolution while preserving
—— Image-forming rays o -2kl contrast.
(objective pathway) Field diaphragm <—» Specimen plane <— Image plane
(eyepiece)
——— lllumination rays —
Recommended setting: Aperture diaphragm = 0.7-0.8 x NAqgectve (€.8. for NA 0.75 objective — aperture = 0.53-0,60)

(condenser pathway) Light source +— Condenser aperture +— Objective back
focal plane
[§ FUNCTIONAL OUTCOME
< Incorrect (no Kéhler) Partially aligned Correct Kshler illumination WHY KOHLER ILLUMINATION MATTERS
\ (/ )
) )
' \"I/
Separates illumination Minimizes stray Maximizes resolution Ensures reproducible
v Uriden;ilhdnation o T i and \Tag\:g light and glare. via Fur‘\lrul\ed atq(uisiticm :nn;ﬁilians
+ Hotspot center op\ml contrast and resolution optical paths. numerical aperture. for quantitative
morphometry.

= No stray light or glare
= High reproducibility

+ Stray light and glare
+ Poor reproducibility

Fig. 4. Kéhler illumination for standardized microscopy. This figure summarizes the principles and outcome of Kdhler
illumination. Proper alignment produces uniform illumination, stabilizes contrast, and minimizes optical artifacts. By

controlling condenser aperture and illumination geometry, Kéhler illumination ensures that intensity variations arise
from specimen properties rather than imaging inconsistencies, thereby enabling reproducible quantitative measurements.

: Videémicrosco;y and Calibration for Morphbm:try

Image acquisition B Calibration (um/pixel) Measurement E Output

Stage micrometer

(100 pm scale)
- pm/pixel - I I
= known length I
/ pixels

2 Quantitative data
Measure in pm — statistics

Image (pixels)

‘ @ Calibration converts pixels into physical units, enabling accurate and comparable measurements.

Standardized Morphometric Measurements

n Select structure a Define parameter a Measure n Record a Analyze a Report

(clearly defined) (in pm or pm?) (per structure) (summary statistics) (units + method)
-> ->
ol
@ Standardize what, how, and in what units you measure.
Figure 7. Quality Control and Reproducibility Figure 8. Common Pitfalls and How to Avoid Them
@ Consistent @ calibration © Repeat O cCheck © tnsure @ out of focus @ Foor Wrong @ Inconsistent @ Feporting
acquisition verified ‘measurements variation reproducibility contrast cihbratlun definition gaps
. a-ad 0 @ °.av ‘ @
sl

Same settings Each session Intra-/inter-observer sb/cv Reliable results Use ccrreci Adjust contras( Calmme at each Use consvsten( Report units,

focus and exposure magnification criteria method, settings
0 Quality control ensures reliable and reproducible morphometry. A Avoid common errors to ensure valid and comparable measurements.

Fig. 5. Calibration in videomicroscopy. This figure illustrates the conversion of pixel-based measurements into
physical units using a reference standard. Aknown reference distance is measured in pixels to establish a calibration
factor, which is then applied to all measurements acquired under identical imaging conditions. This procedure

ensures that lengths, areas, and derived quantities are expressed in consistent and traceable metric units.
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6. ON PRECISION, ACCURACY, AND SYSTEMATIC

BIAS (Fig. 6)

Socrates:Repetition reduces variability.

Theaetetus:Yet variability is not synonymous with error.

design and unbiased estimators can remove such error.

7. ON TISSUE TRANSFORMATION DURING

PROCESSING (Fig. 7)

Socrates: Does biological tissue preserve its original
dimensions throughout histological preparation?

Theaetetus:Fixation, dehydration, and embedding induce
shrinkage and deformation.

Socrates: Figure 7 shows that such transformations are

Socrates: Figure 6 illustrates this distinction. Precisionneither negligible nor uniform.
concerns dispersion, whereas accuracy concerns
correspondence with truth. Systematic bias persisideaetetus: Then, the measured dimensions no longer
irrespective of repetition. Only an appropriate samplingorrespond to the original structure.

Socrates: Indeed. These changes lead to systematic
underestimation of dimensions and derived quantities if
uncorrected. Internal consistency does not imply validity.

Bias and Accuracy in Quantitative Measurements

@ Individual measurement O Mean (average) -

u Biased & Inaccurate
L

I

Biased & Precise

10f) Goal: unbiased and precise estimates of the true value.

== True value

$— Target center (reference)

E Unbiased & Accurate
K

Tissue Shrinkage in Histological Preparations

Dimensional and volumetric changes occur during fixation, dehydration, and embedding—particularly in paraffin protocols.
Shrinkage introduces systematic error (typically ~20-30%) and must be accounted for in quantitative morphometry.

o Original (fresh tissue)

o Processing

(fixation, dehydration,
clearing, embedding)

o Processed (paraffin block) (

Shrinkage is systematic Length Area Volume
e
.@_ and affects all measured ¢ > D f l
dimensions. !
A
Key Point  If uncorrected,
it introduces bias. J’ ¢ &
~10-15% ~20-30% ~20-30%
(or more)

° Account for shrinkage in study design, analysis, and reporting.
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Typical Shrinkage

‘ ~20-30%
‘ volume loss

(varies by tissue type
and protocol)

Impact on Morphometry
Leads to systematic
underestimation of
lengths, areas, and
volumes.

Fig. 6. Precision, accuracy, and bias in
guantitative measurements. This figure
distinguishes precision, accuracy, and bias
using target diagrams. Accuracy refers to
how close the mean measurement is to the
true value, whereas precision reflects the
variability among repeated measurements.
Bias represents a systematic deviation from
the true value and is not reduced by
repetition. Reliable quantitative inference
requires both high precision and the
absence of bias. Key sources of bias and
their control are summarized in Table 1.

Fig. 7. Tissue shrinkage during histological
processing. This figure depicts dimensional
changes induced by tissue processing.
Comparison between original and
processed specimens highlights volumetric
shrinkage, typically ranging from 20-30%,
depending on protocol and tissue type.
Such changes lead to systematic
underestimation of size and volume if not
properly accounted for, even when
measurements are internally consistent.
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8. ON SECTIONING AND DIMENSIONAL Theaetetus: A conceptual gap, therefore, exists between

INFERENCE (Fig. 8) observation and inference.

Socrates: What dimensional information is directly Socrates: Figure 8 demonstrates that section thickness,

accessible in routine histology? compression, and orientation intervene in this gap. Without
explicit probabilistic rules, inference across dimensions

Theaetetus: Two-dimensional information. becomes conjectural.

Socrates:Yet biological structures occupy three-dimensional

space.
. . .
Microtomy-Induced Compression Artifacts
During sectioning of paraffin-embedded tissue, compression along the cutting axis distorts dimensions and biases quantitative measurements.
PROCESS OVERVIEW B COMPRESSION MECHANISM
1. Paraffin block 2. Sectioning 3. Ribbon 4. Slide Cutting direction >
? RS | Compression

= 7y

- / B / -
T ¥ X

Sectioning compresses tissue.

along 2 (cutting axis)

Compression|  produces shorter
thickness and wider
sections in x-y.

5 I
Paraffin block —* |

[ Paraffin Tissue  [] Blade

TYPES OF DISTORTION [} EFFECT ON MEASUREMENTS
A. True (no compression) B. Compressed in z C. Expanded in x-y Thkckiiess @) l - Measurement bias
A 'y - /
- ] 7
1 1
| | @
E i Area (x-y) Increased O
v H Leads to
underestimation of
. ~ Unchanged thickness and
= | -y- ~
Thickness (z) ¥ Area (x-y) Volume be<y=2) @ or slightly & overestimation of
area (* volume).
B FACTORS THAT INCREASE COMPRESSION -
e
/ s
y y Poor infiltration / Insufficient clearance
Dull blade Thick section Fast cutting speed Fordiiians {angle too small)
Minimize compression to ensure valid quantitative measurements. EE il ’ 0
Sharp blade Optimize clearance Appropriate Proper tissue Control environment
(3-7°) cutting speed processing (temp & humidity)

Fig. 8. Microtomy-induced compression artifacts. This figure illustrates distortions introduced during sectioning. Medmapieas®on

reduces section thickness while expanding dimensions in the plane of the section, resulting in anisotropic deformatiterafioese a

affect measured area and thickness and can bias derived volumetric estimates, especially when isotropy cannot be assalmed. Pract
recommendations for minimizing these artifacts are outlined in the Best-Practice Checklist.

9. ON VOLUME WITHOUT GEOMETRIC 10 introduces a principle of greater generality. Cavalieri
ASSUMPTION (Figs. 9 & 10) demonstrated that volume emerges from systematic sampling

of areas, independent of shape.
Socrates: Volume frequently underlies biological

interpretation. Theaetetus: Probability thus replaces geometry as the
foundation.

Theaetetus:Displacement methods provide direct estimates

for suitable specimens. Socrates: Exactly so. When sampling is systematic and

known, shape assumptions become unnecessary.
Socrates:Figure 9 illustrates this approach. However, Figure
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Volume Estimation by the Scherle Method

Fluid displacement-based method. The specimen is suspended in a fluid,
and the displaced fluid mass is converted to volume using density relationships.

| B8 workrLow EQUATION ‘ EXAMPLE
Tare balance Submerge Read mass Am
with fluid specimen change (Am) V —_— Am =1.23 g

i)

P p=1.00 g/mL
V' = volume of specimen

(mL or mm?) ¢

Am = mass of displaced fluid (g)

p = density of fluid (g/mL) V=123 mL
(1.23 cm?)
Set t Fully i Hout A < © For water or isotonic saline
et to zero. ully immerse withou m = mass o \/ dt e
touching walls or bottom. displaced fluid. at 20-25°C: p = 1.000 g/mL

n KEY CONDITIONS FOR ACCURATE MEASUREMENT

©

measurement of specimen
Use appropriate Maintain constant volume using Archimedes’
fluid density temperature principle.

No air bubbles Full immersion
on specimen

‘ O Accurate weighing, correct density, and proper technique are essential for valid volume estimation.

Fig. 9. Volume estimation by fluid displacement (Scherle method).This figure shows volume estimation based
on fluid displacement. When a specimen is immersed, it displaces a volume of fluid equal to its own volume.
The increase in measured mass corresponds to the displaced fluid and allows the calculation of the specimen

volume when the fluid density is known. Accurate estimation requires complete immersion and the absence of
air bubbles.

Volume Estimation Using Cavalieri’s Principle

Total volume is estimated from the sum of systematically sampled cross-sectional areas
multiplied by the known section interval (thickness).

ObjectA  ObjectB (1) (2] (3] S -] A
A :
3

Section Sample Measure
atinterval t sections area (A)

Vg
‘ @A

A+ Ay +Az+—+ A, =YA ‘
4
Ve=Stx YA

Example: t =20 pum ‘
A = 41 mm? ‘

@ Same slices (areas) at the
same interval (t) = Same volume

[ V = 825 mm? J\

\

Use a constant Use systematic Measure areas Apply across scales:
section interval (t) random sampling accurately macro to micro

Fig. 10. Volume estimation using Cavalieri's principle. This figure illustrates volume estimation from
systematically sampled sections. The object is sectioned at a known interval, and the areas of sampled sections
are measured and summed. Total volume is obtained by multiplying the section interval by the sum of the

sampled areas. When systematic random sampling is applied, the estimate is unbiased and independent of
object shape.
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10. ON IMAGE ANALYSIS AND THE MEANING OF Theaetetus:Speed, however, does not redefine replication.
n (Fig. 11)
Socrates:Figure 11 shows that automated analysis involves
Socrates: Automated image analysis acceleratesegmentation and classification steps that generate
classification and counting. guantitative outputs; however, these do not redefine the
experimental unit.

Quantification of Immunohistochemistry by Image Analysis

Reliable quantification requires uniform staining, controlled imaging, and objective segmentation
to distinguish positive and negative elements.

Stain o Image e Segment o Measure

v Oigr 7
oS 4
.2 < 0% " _:I: g y Area (%)
TR =
R s ®
DN s £ @® ) Count
105 g
AT A .
2t ‘O’\e Intensity
Standardized [HC staining Consistent acquisition Separate positive signal Compute quantitative metrics
with controls parameters from background
SEGMENTATION EXAMPLE QUANTITATIVE OUTPUTS
Original image Binary mask (positive vs. background) Overlay
CBvSET SR : . |
& oul Qe
. ; A * @ ® @® |
oL & - QY
c:" v D 5 -
o e M, Area (%) Count Intensity
('o' e, -‘;"- (i T Positive area Positive cell Signal intensity
¢ e, aadFl fraction number/density ‘ (e.g., mean OD)
. Positive (DAB) . Nuclei (hematoxylin) | Background D Excluded / artifact
Standardization enables reproducible and v—| Standardize @ Control imaging _@ Use objective I Validate and
accurate quantitative immunohistochemistry. v—| staining conditions segmentation | I report results

Fig. 11. Quantification of immunohistochemistry by image analysis. This figure presents the workflow of image-based du@antificat
After standardized staining and image acquisition, segmentation separates the signal from the background, enablingthefextracti
quantitative measures such as area fraction, object counts, or intensity. The figure emphasizes that results depenut acquisgiste

and validated segmentation, and that the experimental unit remains the biological replicate rather than the numberelédetatsed
Segmentation accuracy must be validated to ensure reliable quantification.

11. ON ASSUMPTIONS AND STEREOLOGICAL 12. ON COUNTING EXISTENCE RATHER THAN
DESIGN (Fig. 12) APPEARANCE (Fig. 13)

Socrates: Certain quantitative methods presume specifi§ocrates:Why do larger objects appear more frequently in
geometric properties. sections?

Theaetetus: Such presumptions characterize model-basétheaetetus: Because their probability of intersection is
stereology. greater.

Socrates: Figure 12 contrasts this with design-base®ocrates: Figure 13 shows that the disector resolves this
stereology, in which randomness and isotropy repladkusion by counting existence rather than profiles. Combined
geometric belief. Inference is grounded in sampling designith the fractionator, the total number is obtained without
rather than conjecture about form. Design-based stereologyference to volume, size, or shape.

replaces geometric inference with probability-based

estimation.
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Comparing Model-Based and Design-Based Stereology
DESIGN-BASED STEREOLOGY

Uses geometric models and assumptions Uses unbiased sampling and counting rules
Assumed model 2D measurement Estimate 3D Systematic Apply counting Compute Estimate 3D
(example: spheres) (on sections) (from 2D data) random sampling rules density (number or volume)
Count objects using Numerical density
inclusion-exclusion (N,)
Total volume o Total number
o e o N =N, > Vi
Vo= Z s T N=—u0 =
otal 6 =T
i=1 o3 ref
l where Total volume
where d, = Q" = counted Vv xv
V. _ nd? measured diameters Sampling frame objects el
sphere = —¢ (counting box) e whersiV,is
volume sampled wvolume density
@ Include
o . lgnore
R Exclude (top/right) = 0" J
o Relies on assumptions about shape, size distribution, Q Unbiased by design; valid for any shape, size,
and orientation — potential bias if assumptions fail. or orientation when rules are followed.
MODEL-BASED DESIGN-BASED
@ Basis Geometric models convert 2D to 3D. Unbiased sampling and counting rules estimate 3D.
@ Assumptions Requires assumptions (shape, size, orientation). No assumptions about shape, size, or orientation.
A Bias Potentially biased if assumptions are violated. Unbiased by design (when rules are followed).
.|| Precision Can be high if model assumptions are correct. Depends on sampling fraction and structure.
* Best suited for Simple structures; when assumptions are reasonable. Complex or irregular structures; general-purpose.
Use model-based stereology when reliable assumptions can be made and simplicity is needed.
Use design-based stereology when structures are complex, assumptions are questionable, or unbiased estimates are required.

Fig. 12. Model-based versus design-based stereology. This figure contrasts two approaches to three-
dimensional inference. Model-based stereology estimates parameters using geometric assumptions about
object shape, whereas design-based stereology relies on systematic random sampling and unbiased counting
rules. The latter avoids assumptions about size, shape, and orientation, yielding more robust, generally
valid estimates. Design considerations are further systematized in Table I.

Fractionator-Disector Method for Neuron Estimation

— e — —
o Sampling e Disector e Cownting (2Q) ‘ o Estimation OPTICAL DISECTOR
|

Systematic random grid 3D counting probe Apply inclusion rules

Total neuron
number

Total number
of neurons

@ Included
(within frame or touching
inclusion edges)
O Excluded
(touching forbidden edges)

total neurons counted neurons area sampling fraction section sampling fraction
(disector “hits”)

AREA SAMPLING FRACTION (S) | SECTION SAMPLING FRACTION (S;) KEY POINTS
Reference area Sampled area ‘ 0 Unbiased counting in a defined
1 3D space.
sampled area Se= Known sampling fractions

allow extrapolation.
Accurate estimates of total
neuron number.

° Unbiased counting + defined sampling fractions = valid estimates of total neuron number.

k = section interval

= %
reference area o

_— g

Fig. 13. Estimation of neuron number using the fractionator—disector method. This figure illustrates an
unbiased estimation of total cell number using systematic random sampling combined with optical disector
counting. Objects are counted within a defined three-dimensional sampling volume using inclusion and
exclusion rules. The total number is obtained by scaling the counted objects by the inverse of the sampling
fractions, yielding estimates that are independent of tissue volume, shrinkage, cell size, or shape.
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