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Amide proton transfer-weighted magnetic resonance imaging for the
evaluation of testicular spermatogenic function: a preliminary study

Guanglei Tang'*

Shulin Ma™* PURPOSE
Wenhao Fu' To determine the amide proton transfer-weighted (APTw) imaging features in testes with age, and
Weijian Yun! to assess.the fea'sibility of APTw magnetic resonance imaging (MRI) in assessing testicular sper-
matogenic function.
Yang Peng'!
Jian Guan'2 METHODS
A total of 23 male patients with clinically confirmed hypospermatogenesis caused by epididy-
! ] ) ) o mo-orchitis were included in the case group (group A) and another 93 men (age range, 20-80 years)
The First Affiliated Hospital, Sun Yat-Sen University, were included in the control group. The control group was divided into four subgroups: group B1
Department of Radiology, Guangdong, China (20-34 years, n = 25), group B2 (35-49 years, n = 23), group B3 (50-64 years, n = 21), and group B4
2Linzhi People’s Hospital, Department of Radiology, (65-80 years, n = 24). All participants underwent 3.0T MRl scan, and the APT signal intensity (SI) and
Tibet, China apparent diffusion coefficient (ADC) value of each testis were examined. The ADC and APT S| were

independently measured by two radiologists blinded to clinical data, and average values were cal-
culated. A power analysis was conducted to determine the required sample size.

RESULTS

APT Sl was negatively correlated with age (r = —0.510, P < 0.001), whereas ADC was positively cor-
related with age (r = 0.317, P = 0.006). The APT Sl was significantly higher in group A (1.77 £ 0.41)
than in group B1 (1.43 £ 0.21), group B2 (1.37 + 0.31), group B3 (1.30 £ 0.35), and group B4 (1.20 +
0.35) (all P < 0.01). The ADC was significantly higher in group A [(0.549 £ 0.091) X 10> mm?/s] com-
pared with group B1 [(0.449 + 0.047) x 10~ mm?/s], group B2 [(0.475 + 0.022) x 10> mm?/s], and
group B3 [(0.488 + 0.051) x 10~ mm?/s] (all P < 0.01), whereas no statistically significant difference
was found between group A and group B4 (P> 0.05).

CONCLUSION
The APT Sl of the normal testes decreased with age, whereas a significant elevation of APT SI was
detected in patients with hypospermatogenesis caused by epididymo-orchitis.

CLINICAL SIGNIFICANCE
Hypospermatogenesis caused by degeneration or inflammation can be differentiated by APT quan-
tity combined with ADC value.
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MR spectroscopy (MRS),'*?' have recently
provided useful additional diagnostic data
for determining normal and abnormal testes.

Amide proton transfer-weighted (APTw)
imaging, a specific type of chemical ex-
change saturation transfer MRI, has been
introduced as a novel endogenous contrast
modality for MRI by detecting low concen-
tration solutes, including mobile proteins
and peptides in tissue or tumor samples with
abundant amide chemical constituents.?2?
APT has been examined as an imaging bio-
marker in a variety of cancers and non-on-
cological diseases.** Currently, a limited
number of studies have evaluated APT in the
assessment of human testicular metabolic
profile. Whether APTw imaging can be used
to evaluate the spermatogenic potential of
the testis remains unknown. The purpose of
this study is to examine the APTw imaging
features of the testis with age, and to exam-
ine the feasibility of APTw MRI in assessing
testicular spermatogenic function.

Methods

Study population

The current study was approved by the In-
stitutional Ethics Committee of the First Affil-
iated Hospital of Sun Yat-sen University (pro-
tocol number: 537/2022, date: 2022/11/25),
and signed informed consent was obtained
from all participants. The study initially in-
cluded 28 consecutive men with hyposper-
matogenesis caused by epididymo-orchitis
(age range, 22-57 years; mean age, 35 years)
who underwent scrotal MRl with DWI and
APTw between June 2020 and June 2023.
The inclusion criteria were as follows: (1) di-
agnosis of hypospermatogenesis according
to the 2021 WHO guidelines* (semen anal-
ysis showing azoospermia or sperm concen-
tration below the lower reference limit of 15
million sperm/mL of ejaculate after centrifu-
gation in at least two tests); (2) clinical diag-

* Amide proton transfer (APT) signal intensi-
ty (SI) of normal testes tended to decrease
with increasing age, and apparent diffusion
coefficient (ADC) of normal testes was posi-
tively correlated with age.

* Patients with hypospermatogenesis caused
by epididymo-orchitis exhibited much high-
er APT S| compared with all age groups of
controls.

* An increased APT S| combined with an el-
evated ADC is more likely to be associated
with active or persistent inflammation.

nosis of epididymo-orchitis (diagnostic crite-
ria defined by The 2016 European guideline
on the management of epididymo-orchitis®')
based on medical history, physical exam-
ination, and laboratory tests; and (3) semi-
nal plasma biochemistry showing elevated
polymorphonuclear elastase concentration
(>250 ng/ml), indicating active testicular
injury by inflammation.?>3* The exclusion cri-
teria included (1) poor image quality for ADC
or APTw map; (2) other testicular diseases, in-
cluding testicular tumors; and (3) a history of
testicular injury or surgery.

During the same period, another 111
healthy males were referred for scrotal MRI
as controls. In the control group, no abnor-
mal findings of the scrotum were found by
physical examination, as well as no traumatic
history of the scrotum. Volunteers under 50
years old underwent seminal plasma bio-
chemistry and showed normal results, and
those over 50 years all had genetically relat-
ed children with natural insemination. The
exclusion criteria were the same as described
for the case group.

Among the 139 men enrolled, 15 were ex-
cluded because of APT and ADC images of in-
sufficient quality, including motion artifacts
(n=5), poorimage quality caused by BO field
inhomogeneity (n = 6), and a combination of
motion artifacts and BO field inhomogeneity
(n =4).In addition, 8 were excluded because
of complications with other testis diseases or
with a history of testicular injury or surgery.
Among the 23 excluded cases, 5 were in the
case group and 18 were controls. Thus, a to-
tal of 116 men were analyzed, including 23
men (age range, 22-57 years; mean age, 36.4
years) with hypospermatogenesis caused by
epididymo-orchitis (case group A) and 93
male volunteers (control group B; age range,

epididymao-orchitis who underwent scrotal MRI with
DWI and APT from June 2020 to June 2023
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20-80 years). The control group was further
divided into four subgroups by age: group B1
(20-34 years, n = 25), group B2 (35-49 years,
n = 23), group B3 (50-64 years, n = 21), and
group B4 (65-80 years, n = 24). The study
flowchart is presented in Figure 1.

Magnetic resonance examinations

All  participants underwent non-en-
hanced MRI, DWI, and APTw examinations
in the supine position after urination us-
ing a 3.0T MR scanner (Ingenia CX, Philips
Healthcare, Best, The Netherlands) with a
32-channel phased-array torso coil. Axial and
coronal fast spin-echo T2-weighted imaging
[repetition time/echo time (TR/TE): 2,500/65
ms] and axial spin-echo T1WI (TR/TE: 600/20
ms) images were obtained, with a small tow-
el placed between the thighs to stabilize the
testes and the penis taped to the anterior
abdominal wall. An additional axial fat satu-
rated T1TW sequence was acquired when T1
hyperintense foci were detected in testes.

DWI was performed with free-breathing,
with spectral attenuated inversion recov-
ery axial single-shot spin-echo echo-planar
imaging (TR/TE, 4,500/107 ms; 2 NSA) with
b values of 0, 900, and 4,000 s/mm?, a slice
thickness of 3 mm, an intersection gap of 0.6
mm, a field of view (FOV) of 120*71 mm?, a
sampling resolution of 1.8*1.8*3 mm?, and a
total scan time of 4 minutes and 55 seconds
for each DWI scan. Moreover, APTw imaging
was performed with a three-dimensional
TSE-mDixon sequence. Parameters for the
APTw sequence were as follows: saturation
power, 2 uT; saturation duration, 2 s; frequen-
cy offsets, + 3.5, + 3.42, + 3.58, —1,540 ppm;
TR/TE, 5,864/8.8 ms; FOV, 250*346 mm?
sampling resolution, 1.8*1.8*4 mm?3; slice
thickness, 4 mm; sensitivity encoding factor,

111 healthy males were referred for scrotal MR scrotal MRI
with DWI and APT as controls from June 2020 to June 2023

Exclusion (n=18):
Exclude +  poorimage quality for ADC
— map or APT map (n=12);
with other testes diseases,
like testicular tumors (n=2);
with history of testicular
injury or surgery (n=4).

{ 93 healthy males as controls (Group B) ]

20-34years | ( 35-49years 50-64 years 265 years
GroupB1 Group B2 Group B3 Group B4
(n=25) (n=23) (n=21) (n=24)

Figure 1. Study flowchart showing the patient inclusion and exclusion criteria. DWI, diffusion-weighted
imaging; APT, amide proton transfer; MRI, magnetic resonance imaging; ADC, apparent diffusion coefficient.
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2; and total scan time, 4 minutes and 59 sec-
onds for each APTw scan.

Image analysis

The ADC and APT SI were independent-
ly measured by two radiologists (PY. and
J.G, with 6 and 20 years of experience,
respectively) blinded to clinical data, and
average values were used. Circular regions
of interest (ROIs) were placed centrally (with
the center at the intersection of the long and
short axes) on both the automatically gener-
ated ADC maps and the APTw maps to en-
compass most of the testes without artifacts
or margins, with an area of no less than 110
mm?2 The ROIs are shown in Figure 2. Each
testis was measured three times to deter-
mine the average ADC and APT SI.

Statistical analysis

Statistical analysis was performed using
SPSS version 22 (IBM, Armonk, NY, USA).
Data normality was assessed using the Sha-
piro-Wilk test. Continuous variables were
expressed as mean * standard deviation
and categorical variables in terms of count.
The ADC and APT SI values of the patients
and the controls were compared using the
independent samples t-test. Spearman’s rank
correlation coefficient was used to analyze
correlations between age and APT/ADC.

Interobserver reproducibility was evaluat-
ed for ADC and APT SI measurements using
the intraclass correlation coefficient (ICC).
The level of agreement was considered ex-
cellent (ICC > 0.74), good (ICC = 0.60-0.74),
fair (ICC = 0.40-0.59), or poor (ICC < 0.40).
Statistical significance was defined as P <
0.05.

A priori power analysis was performed
using G-Power software (version 3.1.9.7). To
detect the difference in the APT Sl and ADC
value of testes between patients with epidid-
ymo-orchitis and the controls, a sample size
of 15 was required for each group based on

these data. The sample size was considered
sufficient to draw conclusions in this study.

Results

Average patient age and testicular APT SI
and ADC values are listed in Table 1. In group
B, Spearman’s rank correlation coefficient
showed that APT S| was negatively correlat-
ed with age (r=-0.510, P < 0.001) (Figure 3),
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whereas ADC was positively correlated with
age (r=0.317, P=0.006) (Figure 4). The APT
Sl was significantly higher in group A (1.77
+ 0.41) (Figure 3) compared with group B
and all its subgroups (all P < 0.01). The ADC
was significantly higher in group A [(0.549 +
0.091) x 107 mm?/s] compared with group
B [(0.482 + 0.052] x 102 mm?/s, P < 0.001),
including group B1 [(0.449 + 0.047) x 1073
mm?/s, P < 0.001], group B2 [(0.475 £ 0.022) x

Figure 2. (a, b) Placement of regions of interest in testes.
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Figure 3. Scatter plot of APT signal intensity and ag

e. APT, amide proton transfer.

Table 1. Testicular APT Sl and ADC values in various groups

Group Age APT S|

Group A 36.40 £ 5.43 1.77 £0.29
Group B 48.97 £ 16.54 1.32+£0.16
Group B1 27.88 +3.85 1.43 £0.21
Group B2 4190 £4.15 1.37 £ 0.31
Group B3 54.94+3.70 1.30+0.35
Group B4 71.50 +£5.63 1.20+0.35

Pa ADC (mm?/s) Pt

NA 0.549 £ 0.091 x 1073 NA
<0.001 0.482 £ 0.052 x 1073 <0.001
0.008 0.449 +0.047 x 1073 <0.001
<0.001 0.475+0.022 x 103 0.002
<0.001 0.488 £0.051 x 103 <0.001
<0.001 0.512+£0.089 x 103 0.111

2: Comparison with APT Sl of group A. ®: Ccomparison with ADC value of group A.

APT SI, amide proton transfer signal intensity; ADC, apparent diffusion coefficient.
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Figure 4. Scatter plot of ADC and age. ADC, apparent diffusion coefficient.

10~ mm?/s, P = 0.002], and group B3 [(0.488
+ 0.051) X 103 mm?/s, P < 0.001], but there
was no statistically significant difference be-
tween group A and group B4 [(0.549 + 0.091)
%X 107 vs. (0.512 + 0.089) x 10 mm?¥/s, P =
0.111]. Examples of control groups and pa-
tients with epididymo-orchitis are shown in
Figure 5.

Interobserver agreement was high for
both the ADC (ICC = 0.850, 95% confidence
interval (Cl): 0.829-0.975) and the APT SI (ICC
=0.820, 95% Cl: 0.805-0.853) measurements.

Discussion

Recently published studies have investi-
gated the potential of functional MRI in male
infertility.”®'**' Proton MRS ('H MRS), DWI,
and MTI are promising for the evaluation
of male infertility.”*'%*' Increased testicular
ADC and decreased magnetization transfer
ratio have been reported in patients with im-
paired spermatogenic function.>'* Previous
studies also reported that 'H-MRS may be
utilized for the evaluation of the testes of pa-
tients with NOA, in which decreased levels of
choline, myoinositol, and lipids are found.?*'
Both ADC and MTI reflect certain histological
features of testes, but neither can provide
information at the levels of molecules and
metabolites. Although 'H-MRS may be valu-
able as a tool for quantitative evaluation of
metabolites in spermatogenesis, the study
of testes has adopted a common approach
from brain MRS, which neglects the differ-
ences in metabolites between testes and
the brain,?* meaning it is unclear whether
the method can accurately reflect the actu-
al metabolic status of the testis. Moreover,

APTw imaging represents a non-invasive
imaging technique, one used as an adjunct
tool to conventional MRI that allows for the
determination of metabolite concentration
changes, such as mobile proteins and pep-
tides in organs or tumors, and is utilized in
studies involving brain tumors, hepatocel-
lular carcinoma, bladder cancer, prostate
cancer, and endometrioid endometrial ade-
nocarcinoma.?*?® Beyond its applications in
oncology, APT imaging has also been utilized
in non-neoplastic conditions such as renal
impairment*3¢ and multiple sclerosis (MS).>”
In these studies, the potential mechanism
underlying APT Sl is hypothesized to be the
increased concentration of mobile proteins
and peptides during the progress of chron-
ic kidney disease and within MS-associated
chronic inflammatory lesions. Additionally,
renal dysfunction will affect ion exchange
and disrupt the original acid-base balance.
This might change the pH value within tissue
to a certain extent, leading to the increase
of exchange rate between amide and water
protons, consequently elevating the APT
values. The concentration changes of a vari-
ety of proteins and peptides are involved in
the production of spermatozoa by the tes-
tes,®®3? meaning applying APT in the evalu-
ation of spermatogenic function of the testis
is a promising approach. To the best of our
knowledge, this is the first study that reports
APT Sl for the testis and spermatogenic func-
tion.

In this study, a negative correlation was
found (coefficient: —0.510) between the APT
Sl of the testis and age in 94 healthy controls.
In addition, the ADC value of normal testes
increased with age, corroborating the find-
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ings obtained by Wang et al.” Aging in men
is associated with both functional and struc-
tural alterations of the testis. With increasing
age, testosterone levels and sperm produc-
tion progressively decrease.>4#! Circulating
testosterone levels are known to decrease
by 0.4%-2% each year after the age of 30,
which is due to altered Leydig cell number
and function.*® In addition, the function of
tubules and the number of Sertoli cells also
decrease with age.>¢ According to previous
reports, the APT Sl of brain tumors is posi-
tively correlated with cellular density and/or
proliferation (i.e., intracellular mobile protein
and peptide concentrations).?** Therefore,
decreased number of germ cells and reduced
amounts of extracellular mobile proteins and
peptides might account for APT Sl reduction
and ADC increase in testes. As such, elderly
men with decreased spermatogenic function
should, in theory, exhibit decreased APT and
elevated ADC. The above results corroborate
those of previous studies.''

The testicular ADC values were higher
in the patients with hypospermatogene-
sis caused by epididymo-orchitis (group A)
than in all age groups of controls, including
the oldest (group B4), which appeared to
reflect impaired spermatogenic function in
the group A patients. Moreover, the testicu-
lar APT Sl values were significantly increased
in group A compared with all age groups of
controls, including the youngest (group B1).
The results revealed that both ADC and APT
could serve as biomarkers of impaired sper-
matogenicfunction caused by epididymo-or-
chitis. Interestingly, APT Sl and ADC values in
group A showed opposite trends of changes
versus the observed trends with aging. Both
parameters are believed to be related to cel-
lular density,?#*4243 meaning reduced APT
Sl and elevated ADC should be observed in
patients with hypospermatogenesis because
of reduced cellular density. The abnormally
elevated testicular APT Sl in patients with
epididymo-orchitis may be caused by the
destruction of testes by active inflammation,
which induces a series of pathological alter-
ations, including microscopic necrosis, and
an accumulation of testicular metabolites
rich in mobile proteins and peptides. In ad-
dition, the APT Sl is influenced by the chemi-
cal exchange rate between amide and water
protons; this exchange rate depends mainly
on the concentration of amide protons and
the pH value in tissue.® We hypothesize that
inflammatory reaction may alter the intracel-
lular environment of testicular cells, thereby
disrupting the original acid-base balance
and changing the pH value in the testis to

Tang et al.



Figure 5. (a-c) A 25-year-old man in group B1 with normal semen analysis. (a) Axial T2-weighted imaging
(WI) showing homogeneous hyperintensity of both testes. (b) An ADC map demonstrating average ADC
values of 0.457 x 107> mm?/s and 0.460 x 10~ mm?/s for the right and left testes, respectively. (c) Amide
proton transfer (APT) map demonstrating low average APT signal intensity (SI) values of 1.5 and 1.45 for
the right and left testes, respectively. (d-f) A 38-year-old man in group B2 with normal semen analysis. (d)
Axial T2WI showing homogeneous hyperintensity of both testes. (€) ADC map demonstrating average
ADC values of 0.460 x 10 mm?/s and 0.490 x 10~ mm?/s for the right and left testes, respectively. (f)
APT map demonstrating low average APT Sl values of 1.3 and 1.5 for the right and left testes, respectively.
(g-i) A 75-year-old man in group B4 married with two children, without traumatic history in testes. (g) Axial
T2WI showing homogeneous hyperintensity of both testes. (h) ADC map demonstrating average ADC
values of 0.510 x 1073 mm?/s and 0.490 x 10~ mm?s for the right and left testes, respectively. (i) APT map
demonstrating low average APT Sl values of 1.1 and 1.2 for the right and left testes, respectively. (j-I) A
28-year-old man in group A with hypospermatogenesis caused by epididymo-orchitis who was clinically
confirmed. (j) Axial T2WI showing homogeneous hyperintensity of both testes. (k) ADC map demonstrating
higher average ADC values of 0.540 x 10 mm?/s and 0.530 x 10~ mm?/s for the right and left testes,
respectively, compared with controls. (I) Higher APT Sl values of the right and left testes determined on the
APT map (2.4 and 2.1, respectively) compared with controls.

a certain extent. This might accelerate the
exchange rate between amide and water
protons, leading to increased APT values.
Further investigation is required to explore
the mechanism underlying the changes of
testicular APT Sl in patients with epididy-
mo-orchitis. The different trends of changes
in APT SI and ADC may help determine the
cause of hypospermatogenesis. A decreased
APT SI combined with an increased ADC
may suggest hypospermatogenesis caused
by aging or chronic injuries, whereas an in-

creased APT SI combined with an elevated
ADC is more likely to be associated with ac-
tive or persistent inflammation. This may fur-
ther improve clinical decision-making.

The limitations of this study are as follows.
First, only a portion of the included volun-
teers (20-50 years old) underwent semen
analysis to examine spermatogenic function.
In addition, for volunteers over 50 years old,
their statements of prior paternity were ac-
cepted as evidence of fertility, which might
have led to errors in these age groups. Sec-

ond, generally no histopathologic confirma-
tion was available for patients with suspected
epididymo-orchitis, with all group A patients
clinically confirmed by seminal plasma bio-
chemistry. Third, the failure rate (23/139) of
APTw imaging due to artifacts was still con-
siderable and needs to be improved in the
future. Finally, the heterogeneity in the se-
verity distribution of hypospermatogenesis
within our cohort (predominantly compris-
ing severe cases), limits the generalizability
of findings to milder forms of hypospermato-
genesis. Future multicenter studies with larg-
er, balanced samples are warranted to vali-
date our findings.

In conclusion, according to the above
preliminary results, the APT Sl of normal tes-
tes tended to decrease with increasing age,
whereas patients with hypospermatogene-
sis caused by epididymo-orchitis exhibited
much higher APT SI compared with all age
groups of controls. Thus, when combined
with the ADC, which generally increases with
both age and impaired spermatogenic func-
tion, APT SI may provide additional diagnos-
tic information.
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