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Abstract

Background: Testicular volume is a marker of male pubertal development. Various

clinical conditions and their treatments may influence testicular growth.

Objectives: To create ruler-based age-dependent pubertal testicular volume refer-

ences that enable calculation of standard deviation (SD) scores.

Materials andMethods: Study cohort comprised 65 boys who attended clinical exam-

ination twice a year from the age of 8.5 years until the attainment of final testicular

size. Forty-nine (75.4%) boys completed the follow-up and 16 (24.6%) boys dropped

out before the attainment of final post-pubertal testicular size. At each follow-up visit

testicular size was measured with a ruler, orchidometer, and ultrasonography. LMS or

LMSPmethod served as the technique for creating reference growth curves for testic-

ular volumes. Using the novel references for ruler measurements, development of SD

scores was assessed in a cohort of boys with unilateral cryptorchidism.

Results: Reference growth curves were constructed separately for ruler, orchidome-

ter, and ultrasonography measurements. Median orchidometer volume of 4 mL,

marker of male pubertal onset, occurred at the age of 11.7 years, whereas +2SD

curve surpassed 4 mL at 10.2 years and −2SD curve at 13.7 years. Modeled ages

at the attainment of 4 mL testicular volume based on ruler measurements were

9.7 years for +2SD curve, 11.5 years for median curve, and 13.6 years for −2SD

curve. Ultrasonography-based volume of 1.3 mL corresponded with the median mod-

eled orchidometer-based volume of 4 mL. In boys with unilateral cryptorchidism,

ruler-based SD scores decreased during puberty in undescended testes, but not in

descended testes.

Discussion and Conclusion: The present study provides reference values for pubertal

testicular volumemeasuredwith a ruler enabling an age-dependent assessment of tes-

ticular size. Comparison with measurements by an orchidometer and ultrasonography

is also presented.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 INTRODUCTION

Testicular volume is an important marker of male pubertal develop-

ment and fertility in clinical practice and research as it correlates

with Sertoli cell quantity and semen quality.1–4 Elongation of the sem-

iniferous cords is the main cause of testicular enlargement before

puberty. After pubertal onset, testicular growth occurs due to dilata-

tion of the seminiferous tubules caused by proliferation of Sertoli

cells and spermatogonia.5 Pubertal onset is caused by an activation of

the hypothalamus–pituitary–testis axis which results in an increased

secretion of follicle-stimulating hormone and luteinizing hormone. This

eventually triggers spermatogenesis and testosterone production in

the testes. However, inter-individual variability during puberty is wide,

and testicular volume is typically the first assessment for precocious or

delayed puberty in boys.6

Various conditions and their treatments, such as cryptorchidism,

Klinefelter syndrome, and treatment of childhood cancer, may influ-

ence testicular development during puberty.7–9 Reference values for

normal pubertal testicular volumes would provide tools for timely

detection of impaired testicular growth in individual patients. More-

over, in clinical research, they would provide an opportunity to eval-

uate, for example, treatment-related effects on pubertal testicular

growth. Age-specific testicular volume references exist for orchidome-

ter and ultrasonography.10,11 Probably due to its availability, measure-

ment of testicular dimensions with a ruler is also an applied method

for assessing testicular volume.12–14 However, for ruler there are

currently no growth references available.

We aimed to construct pubertal testicular reference growth charts

for testicular volume based on ruler measurements to enable cal-

culation of age-dependent standard deviation (SD) scores. We also

assessed the performance of the novel ruler-based growth charts

of testicular volume in cohorts of boys with cryptorchidism15 and

Klinefelter syndrome.12 In addition, to compare their relation to the

ruler-based growth charts, we constructed growth charts for testicular

volume based on Prader orchidometer and ultrasonography.

2 MATERIALS AND METHODS

2.1 Study design and study cohort description

The study cohort included65healthy boyswhoparticipated in a puber-

tal follow-up studywhich took place in theUniversity of Turku, Finland,

between August 2005 and September 2019. The pubertal follow-up

consisted of biannual follow-up visits from the age 8.5 years until

the attainment of final post-pubertal testicular size, defined as the

lack of testicular growth in three consecutive follow-up visits.15,16

The study cohort was recruited from a prospective birth cohort study

assessing prevalence and risk factors of congenital cryptorchidism.17

Detailed participant recruitment process is described in Figure 1. For

the pubertal follow-up study, the study cohort (i.e., healthy boys) was

originally recruited as a control group for a cohort of boys with history

of cryptorchidism; two previous publications have compared pubertal

testicular growth (based on ultrasonography) between healthy boys

and boys with history of cryptorchidism.15,16 This is, however, the

first time we report ruler-based reference values for normal pubertal

testicular growth.

2.2 Measurements

Testicular size was measured with Prader orchidometer, plastic ruler,

and ultrasonography (Aloka Prosound 6, linear probe, 5–13 MHz and

Aloka SSD-500, linear probe, 7.5 MHz; Hitachi Aloka Medical) at each

follow-up visit. Our study cohort represents healthy boys with no tes-

ticular pathology. Therefore, mean volume of right and left testicle

was used in the analyses. Orchidometer contained a set of 12 ellip-

soid beads representing 12 volumes between 1 and 25 mL. Examiner

was also allowed to estimate volumes that were between the beads

or greater than 25 mL. At each visit testicular dimensions (length and

width)weremeasuredoncewith ruler and three timeswithultrasonog-

raphy. For ultrasonography-based testicular length and width, mean

values were included in the analyses. Ellipsoid formula (π/6 × length

(L) × width (W)2) was used when calculating testicular volumes based

on ruler and ultrasonography measurements. Data contained only five

testicular volume measurements after the 17.5-year follow-up visit;

these were excluded from the analyses because, due to the limited

number, they would not have provided reliable estimates. For boys

who attained final post-pubertal testicular size before the age of 17.5

years, the values from the subsequentmissing biannual follow-up visits

were imputed until the age of 17.5. Rationale for the imputationwas to

obtain a balanced cohort at the time of all follow-up visits. Imputed val-

ues were defined as the mean of the volumes measured at the last two

follow-up visits. No imputation was conducted for boys who dropped

out of the study or attained final testicular size at the age of 17.5 years

or later. The boys who dropped out reported that they were uninter-

ested to continue. In addition to testicular size, Tanner P stage was

evaluated at each follow-up visit.18

2.3 Validation cohorts

The novel growth charts of testicular volume based on ruler measure-

ments were evaluated with testicular volume data from other boy
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F IGURE 1 Flow chart of the participant recruitment process.

cohorts: boys with a history of unilateral cryptorchidism (n = 30)15

and boys with Klinefelter syndrome (n = 14).12 The boys with a

history of unilateral cryptorchidism had undergone similar biannual

pubertal (from age 8.5 years until the attainment of final post-

pubertal testicular size) follow-up protocol as the study cohort. In

the validation analyses, we analyzed the longitudinal development

of testicular volume during puberty; descended and undescended

testes were analyzed in separate groups. For the boys with Kline-

felter syndrome, testicular volumes and corresponding ages were

obtained from the original publication12 using Web Plot Digitizer,19

a web-based application enabling data extraction from graphical

plots.

2.4 Statistical methods

R statistical software (R Foundation for Statistical Computing) ver-

sion 4.1.3 for Windows provided tools for statistical analyses. Growth

curveswere constructedwith the generalized additivemodels for loca-

tion, scale, and shape (GAMLSS) package using penalized B-splines

(P-splines) in smoothing.20 Even though our data cover ages 8.5–17.5,

we estimated growth curves from 9 to 17 years to minimize the so-

called edge effects, that is, erratic growth curve estimation at both

extremes of the data.21 Optimal degrees of freedom for the smoothing

parameters were appraised with the Akaike information criteria (AIC).

Besides AIC, model selection included analyses of observed versus

fitted centiles,Q-statistics, andworm plots.

First, we modeled testicular growth during puberty using LMS

method, in which time-varying average values and reference range

is expressed with three parameters related to skewness (L), approx-

imate median (M), and approximate coefficient of variation (S). The

parameter values of L, M, and S at a specific age enable calculation

of SD scores with the following equation: (((volume/M)L) − 1)/(L × S),

where volume is the measured testicular volume. If model diagnos-

tics (analyses of observed vs. fitted centiles, Q-statistics, and worm

plots) indicated insufficient fit in the LMS model, growth curves were

constructed using the LMSP method, which also allows the model-

ing of a kurtosis-related parameter.22,23 Eventually, growth curves

were constructed with the LMS method for ruler-based measure-

ments and with the LMSP method (i.e., Box–Cox power exponential

[BCPE] distribution) for measurements based on orchidometer and

ultrasonography.

2.5 Ethics

The Joint Ethics Committee of the University of Turku and Turku Uni-

versity Hospital approved the birth cohort study and the case–control

study (July 1996, update June 2001) and the pubertal follow-up study

(December 2004). All participants and their parents provided written
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F IGURE 2 Distribution of Tanner P stages at each biannual
follow-up visit in a cohort of 65 healthy boys.

informed consent. The study was conducted according to the Helsinki

II Declaration.

3 RESULTS

3.1 Study cohort

The study cohort comprised 65 healthy boys with 947 testicular vol-

ume measurements between ages 8.5 and 17.5 years. The median

number of study visits was 16 [interquartile range (IQR) 14–18)] and

themedian follow-upwas7.5 (IQR6.5–8.5) years. In addition, 99 testic-

ular volume measurements were imputed for boys who attained final

testicular size before the age of 17.5 years. Of the orchidometer mea-

surements (both testes combined, imputed values not included), 847

(44.5%) were judged as in-between two beads and 133 (7.0%) as over

25 mL. Table S1 provides the number of observations at each biannual

visit. Forty-nine (75.4%) boys completed the follow-up and 16 (24.6%)

boys dropped out before the attainment of final post-pubertal testicu-

lar size. The mean age at the attainment of final testicular volume was

16.6 (SD1.0) years. The16boyswhodroppedout of the studyprovided

120 testicular volume measurements between the ages 8.5 and 16.5

years; the median age at the last follow-up visit before dropping out of

the study was 10.8 (IQR 9.0–14.6) years. Figure 2 and Table S2 exhibit

the development of TannerP stages in puberty.Mean age at attainment

of Tanner P stage≥2was 12.5 years (SD 1.2, range 10–14.5 years).

3.2 Testicular volume growth charts

Figure 3 and Table 1 present age-specific reference values for testic-

ular volumes measured by a ruler, orchidometer, and ultrasonography.

Median modeled orchidometer volume of 4 mL occurred at the age

of 11.7 years; +2SD curve surpassed 4 mL at 10.2 years and −2SD

curve at 13.7 years. Correspondingly, modeled ages at the attainment

of 4 mL testicular volume based on measurements with a ruler were

9.7 years for +2SD curve, 11.5 years for median curve, and 13.6

years for −2SD curve. The difference in the modeled −2SD ruler-

and orchidometer-based curves was less than 0.6 mL throughout

the pubertal growth (Figure 3D). However, estimated +2SD curves

exhibited greater difference especially in late puberty. The estimated

growth curve for ultrasonography-based testicular volume differed

distinctly from the orchidometer- and ruler-based curves (Figure 3D).

At the age (11.7 years) when median orchidometer-based testicular

volume was 4 mL, modeled median ultrasonography-based volume

was 1.3 mL. The +2SD ultrasonography-based volume curve crossed

1.3 mL at the age of 10.4 years and −2SD at the age of 13.5 years.

Tables S3–5 provide comprehensive age-specific reference values in

numerical form for ruler-, orchidometer-, and ultrasonography-based

volumemeasurements, and Figures S1–3 show all observations super-

imposed to the reference curves. Table S6 provides LMS parameter

values for the ruler-basedmodel.

3.3 Comparison to validation cohorts

When analyzing descended and undescended testes of subjects with

unilateral cryptorchidism, median SD scores of descended testes were

close to the median reference curve whereas median SD scores of

undescended testes declined throughout puberty (Figure 4A,B). All SD

scores of individual patientswith Klinefelter syndromewere below the

median growth curve and declined further approximately after the age

of 13 years (Figure 4C).

4 DISCUSSION

To our knowledge, we are the first to report age-specific reference

values for testicular volumes during puberty based on ruler measure-

ments. They are based on a longitudinal follow-up data of 65 healthy

boys who underwent a clinical examination twice a year from the age

of 8.5 years until the achievement of final post-pubertal testicular size.

For comparison purposes, our study also includes growth charts for

measurements based on orchidometer and ultrasonography. The novel

growth charts can aid clinicians in identifying abnormalities in male

pubertal development. Furthermore, in clinical research, main advan-

tage of using SD scores is that analyses can involve patient cohorts of

varying age distributions.

Testicular growth is a key event in male pubertal development. The

pubertal testicular enlargement is caused mostly by an increase in

germ cell numbers in the seminiferous tubular compartment because

of the onset of spermatogenesis.5 This, in turn, is caused by the secre-

tion of androgens from the Leydig cells after the activation of the

hypothalamic–pituitary–testicular axis.5,24 In clinical practice, testic-

ular volume is often measured in the evaluation of male infertility,

or to assess pubertal development when precocious puberty, hypog-

onadotropic or hypergonadotropic hypogonadism, or delayed puberty

are suspected.4,6 Early studies by Prader and others suggest that the
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KOSKELA ET AL. 5

F IGURE 3 Testicular volume growth charts for (A) ruler measurements, (B) orchidometer measurements, and (C) ultrasonography
measurements. (D)+2SD, 0, and−2SD curves for ruler, orchidometer, and ultrasonographymeasurements in one plot.

TABLE 1 Age-dependent reference values for testicular volume based on ruler, orchidometer, and ultrasonographymeasurements.

Age Ruler Orchidometer Ultrasonography

−2 SD 0 +2 SD −2 SD 0 +2 SD −2 SD 0 +2 SD

9 0.9 1.5 3.2 1.3 1.9 2.7 0.14 0.23 0.56

10 1.1 2.1 4.6 1.6 2.2 3.6 0.17 0.32 0.89

11 1.4 3.2 7.9 1.9 3.0 6.8 0.21 0.62 2.7

12 1.8 5.4 15.7 2.1 4.7 13.3 0.36 1.6 6.6

13 2.7 9.5 26.7 2.6 8.6 20.5 0.81 3.6 9.9

14 5.7 15.6 33.7 5.1 14.6 25.5 2.1 6.4 12.3

15 10.7 21.6 36.6 10.4 20.1 27.5 4.3 8.6 13.5

16 14.3 24.8 37.6 13.9 22.8 27.8 5.5 9.9 14.5

17 15.6 26.0 37.6 14.9 23.8 27.8 5.8 10.1 14.6
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6 KOSKELA ET AL.

F IGURE 4 (A and B) Development of standard deviation (SD) scores for ruler-based testicular volume in individual patients with unilateral
cryptorchidism: (A) descended testis and (B) undescended testis. Red lines denote−2SD and+2SD curves and black line denotes 0 curve. Red
squares denotemedian SD score at each biannual follow-up visit. Numbers at the bottom of the figures denote the number of patients at each
biannual follow-up visit. (C) Development of SD scores for ruler-based testicular volume in individual patients with Klinefelter syndrome.

attainment of testicular volume of 4mL by Prader orchidometermarks

the onset of puberty.6 In addition, conceivably due to the equivalence

with the length of the 4 mL orchidometer bead, some guidelines sug-

gest that onset of puberty has occurred when ruler length of 25 mm

is achieved.25 Ultrasonography is probably more accurate in assess-

ing testicular size,26 but it requires more training and experience. It is

rarely available in an outpatient visit and cannot be easily included in

daily practice. Therefore, there is a need for a reliable ruler-based tool

for assessment of age-adjusted testicular size. While ultrasonography

measurement remains a gold standard for testicular assessment in clin-

ical research, both a ruler and an orchidometer are practical tools in

clinical evaluation during puberty.

Previously, Joustra et al. have reported ultrasonography- and

orchidometer-based reference volumes froma cohort ofDutch boys.11

In addition, from a Norwegian cohort, Oehme et al. have provided ref-

erence data for measurements based on ultrasonography.10 However,

both studies have somemethodological differences comparedwith the

present study. Main difference is in the formulas for testicular volume:

volume was calculated with ellipsoid formula in the present study (π/6
× L ×W2) and in the study by Joustra et al. (0.52 × L ×W × height (H)),

whereas Oehme et al. used the Lambert formula (0.71 × L × W × H).

To enable comparison, the ultrasonography-based volumes from the

study by Oehme et al. must be multiplied by
0.52

0.71
. Additionally, Joustra

et al. andOehme et al. measured three testicular diameters as recently

advocatedby theEuropeanAcademyofAndrology,27 whereaswemea-

sured only testicular length and width. Another difference is in the

estimation of testicular sizes that appeared as intermediate between

two orchidometer beads or larger than the 25 mL bead. However, the

present orchidometer and ultrasonography-based testicular growth

charts are comparable to the references assessed from the Dutch

and Norwegian populations. Particularly estimates of the lower cen-

tiles (i.e., −2SD curve) are concordant and seem suitable for assessing

male pubertal development in European populations. That is essential

because the evaluation of impaired testicular growth relates to many

clinically important questions. However, due to the limitations in our

ultrasonographicmeasurements (lack of the third-dimensionmeasure-

ment), the present normal valuesmay not be universally acceptable for

the use in clinical practice.

Attainment of testicular size of 4 mL based on Prader orchidometer

has traditionally marked the onset of puberty.6 In our orchidometer-

based model, this occurred at the median age of 11.7 years, which

is consistent with other Western populations.28,29 Median modeled
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KOSKELA ET AL. 7

age (11.5 years) at the attainment of ruler-based volume of 4 mL

matched closely with the orchidometer model. Furthermore, to some

extent the ruler-based reference curves followed the corresponding

orchidometer-based curves. Ruler-based volumes can hence serve, at

least in the lower centiles, as an approximation of the orchidometer-

based testicular size. The upper centiles (+2SD) differed more, prob-

ably due to that with orchidometer it is difficult to estimate volumes

greater than 25 mL. Consistent with previous studies,11,26 mod-

eled pre-pubertal and post-pubertal ultrasonography-based testicular

volumes were lower than those derived from the orchidometer mea-

surements. In ultrasonography, the adjacent soft tissue and epididymis

have no influence on the measured testicular volume, unlike in assess-

ments based on ruler or the Prader orchidometer.26,30 In our study

the ultrasonography-based volume of 1.3 mL corresponded with the

median modeled orchidometer-based volume of 4 mL. This is in agree-

mentwith the findings by Joustra et al. who reported a correspondence

between the 4 mL orchidometer size and ultrasonographic volume of

1.4mL.11

The novel ruler-based reference charts were evaluated with addi-

tional testicular volume data. The SD scores of the descended testes of

boys with unilateral cryptorchidism15 performed appropriately as the

median scores occurred near the median curve throughout puberty.

Monitoringof testicular growth is essential particularly in patientswith

syndromes and conditions affecting pubertal/testicular development.

The SD scores of the undescended testes of cryptorchid boys were

comparable to those of descendent testes in pre-puberty. However,

they exhibited a lag in growth throughout puberty which is consis-

tent with preceding findings on reduced testicular volume in adult men

with a history of cryptorchidism.8,31 The age-dependent SD scores

performed consistently also in patients with Klinefelter syndrome:

all patients underwent a similar decline in SD scores, which proba-

bly reflects the previously reported deterioration of spermatogenesis

before adolescence.32

The World Health Organization (WHO) published in 2006 world-

wide applicable standards for the monitoring of child growth.33 As

part of the study, WHO-organized expert group reviewed 30 growth

curve construction methods, and LMSP method (BCPE distribution)

was ultimately chosen as the technique for creating the reference

curves from the WHO cohort that combined longitudinal and cross-

sectional data.21 LMS method and its extensions have subsequently

become conventional techniques for producing referential growth

curves.10,11,34–36 In the present study, reference charts were con-

structedwith the LMSmethod for ruler-basedmeasurements andwith

the LMSP method for orchidometer and ultrasonography. Due to the

study design the growth curves extend only to the age of 17 years. As

in few boys the follow-upwas still ongoing at that time, adult testicular

volumes cannot be estimated from the present references.

Our study has limitations. First, assessment of testicular volume

may have noteworthy interobserver variation. This applies particularly

to orchidometer,37 whereas in a Norwegian study no significant inter-

observer variation occurred in testicular ultrasound measurements.38

Little is knownof interobserver variationwhenassessing testicular vol-

ume by a ruler. Second, due to the sample size of 65 longitudinally fol-

lowed boys, the number of observationswere limited beyond the limits

of−2SD and+2SD curves. Therefore, SD scores below−2SD and over

+2SD should be interpreted with caution. Third, orchidometer-based

testicular volume is a discrete variable but is treated as a continuous

one in thegrowth curves. Thus, interpretationofmodel valuesbetween

two orchidometer beads is less clear. Fourth, the EuropeanAcademyof

Andrology recommends measurement of three testicular dimensions

in ultrasonographic assessment,27 but the present growth charts are

basedonmeasurementof testicular length andwidth. Fifth, ourmedian

growth curves may not approximate the shape of testicular growth in

individuals. At most time points our median growth curves include a

mixture of individuals who are in the middle of the intensive testicular

growth as well as pre-pubertal and post-pubertal individuals. Conse-

quently, the duration of the growthmaybemore prolonged and growth

less steep in themedian curves than in single individuals.

The strengths of our study include the biannual follow-up proto-

col with testicular volume measured with a ruler, orchidometer, and

ultrasonography. The tight follow-up ensured thatwewere able to cap-

ture the rapid development and growth that occurs during puberty.

Additionally, as testicular size was assessed with the three meth-

ods concurrently, relative difference between the methods could be

assessed accurately. Another strength is that roughly three quarters of

the study cohort completed the follow-upprotocol. As a result,wehave

sufficient data at each follow-up visit.

In conclusion, the present longitudinal study provides reference

growth charts for testicular volumemeasured with a ruler. The growth

charts and respective age-specific referential values allow an age-

dependent assessment of testicular size and calculation of SD scores

for individual testicular volumes which will be useful for pediatricians

and clinical researchers.
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