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Background. A reduction in left ventricular apical tracer uptake (apical thinning) is fre-
quently observed in myocardial perfusion imaging (MPI), yet its cause remains a matter of
debate, particularly in perfusion emission tomography (PET). This analysis sought to determine
whether apical thinning in PET-MPI is attributable to true anatomical thinning of the left
ventricular apical myocardium.

Methods and Results. We retrospectively analyzed 57 patients without any history or signs
of apical myocardial infarction who underwent rest PET-MPI with 13N-ammonia and contrast-
enhanced cardiac computed tomography (CT). Semi-quantitative normalized percent apical
13N-ammonia uptake at rest, myocardial blood flow (MBF), and k2 wash-out rate constants
were compared to apical myocardial wall thickness measurements derived from CT and base-
to-apex gradients were calculated. Apical thinning was found in 93% of patients and in 74 %
when analysis of normalized apical tracer uptake was confined to end-systole. No significant
correlation was found between apical myocardial thickness and apical tracer uptake
(r=-—0.080, P=.553), MBF (r = - 0.211, P = .115), or k2 wash-out rate (r = — 0.023,
P = .872), nor between apical myocardial thickness and any gradients. A statistically significant
but small difference in apical myocardial thickness was observed in patients with moderately to
severely reduced apical tracer uptake vs patients with normal to mildly reduced uptake
4.3 £ 0.7 mm vs 4.7 = 0.7 mm; P = .043).

Conclusions. Apical thinning is a highly prevalent finding during 13N-ammonia PET-MPI
that is not solely attributable to true anatomical apical wall thickness or the partial volume
effect. Other factors that yet need to be identified seem to have a more prominent impact. (J
Nucl Cardiol 2020;27:452-60.)
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Abbreviations

AC Attenuation correction

CABG Coronary artery bypass grafting

CT Computed tomography

ED/ES End-diastole/end-systole

MBF Myocardial blood flow

MPI Myocardial perfusion imaging

PET Positron emission tomography

RS Rest perfusion score of segment 17

SPECT Single photon emission computed
tomography

See related editorial, pp. 461-464

INTRODUCTION

Reduced radiotracer uptake and retention in the left
ventricular apex frequently occur in myocardial perfu-
sion imaging (MPI) using single photon emission
computed tomography (SPECT) and positron emission
tomography (PET). This phenomenon commonly refer-
red to as apical thinning and usually considered to be a
normal variant'? has repeatedly raised interest among
investigators as it poses a diagnostic challenge in
nuclear cardiology.”™ However, as of today the cause
for this phenomenon remains to be elucidated, and the
scarce data available are solely based on SPECT studies
with no data on its prevalence and etiology in PET-MPI.
A variety of potential causes have been proposed,
including partial volume effects,® physiological inho-
mogeneities in myocardial radiotracer distribution,’
artifacts induced by attenuation correction (AC), 5,8-12
or time-of-flight (TOF) PET data acquisition.13 Alter-
natively, it may be hypothesized that apical thinning as
observed in PET-MPI is attributable to true anatomical
thinning, which has been documented in some studies
based on either autopsy or cardiac computed tomogra-
phy (CT).'*'7 Against this background, we have used
hybrid imaging combining contrast-enhanced cardiac
CT and PET-MPI with 13N-ammonia to assess the
relation between apical thinning and true anatomical
thinning of the left ventricular myocardial apex.

METHODS

Study Population

We retrospectively screened all patients who had
undergone both 13N-ammonia PET-MPI and contrast-
enhanced cardiac CT at our institution between January
2005 and December 2015 (n = 187, Figure 1). Patients
in whom the scans were acquired with an interval of
> 120 days were excluded, as were patients with
suspected or known history of apical myocardial
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ELIGIBLE patients

U=E) EXCLUSION CRITERIA

interval >120d between
PET and CT (n=36)

suspected or known history
of apical infarction (n=64)

CABG of vessel subtending
the left ventricular apex (n=20)

urgent PCI of vessel subtending
the left ventricular apex (n=1)

dilated or hypertrophic
cardiomyopathy (n=2)

non-evaluable
datasets (n=7)

INCLUDED patients
(n=57)

Figure 1. Flowchart illustrating the number of screened,
excluded, and included patients. PCI, percutaneous coronary
intervention; CABG, coronary artery bypass grafting.

infarction or with obstructive coronary artery disease
in an epicardial coronary artery subtending the apex or
the peri-apical region (as assessed by fused hybrid
PET/coronary artery CT angiography), patients with a
history of coronary artery bypass grafting (CABG) of
the vessel subtending the left ventricular apex or those
with a history of urgent revascularization of said vessel.
Further exclusion criteria were dilated and hypertrophic
cardiomyopathies.

PET Image Acquisition

Patients underwent a standard 13N-ammonia gated
PET-MPI protocol at rest and during adenosine-induced
stress (140 pg/min/kg over 7 minutes). Acquisition was
performed on either a Discovery RX or Discovery STE
PET/CT scanner (both GE Healthcare, Waukesha, WI,
USA). 13N-ammonia was injected 3 minutes into phar-
macologic stress. Rest images were acquired 50 minutes
after completion of the stress scan. Mean administered
activities were 713 +312 MBq for stress and
804 + 412 MBq for the rest scans. Dynamic 3D
(n =42) or 2D (n = 15) PET acquisition was started in
parallel with the injection and consisted of 9 x 10-s,
6 x 15-s, 3 x 20-s, 2 x 30-s, and 1 x 120-s frames,
followed by a static acquisition over 12 minutes. PET
data acquired in 3D mode were reconstructed with
ordered subset expectation maximization (OSEM; 3
iterations and 16 subsets) while those obtained in 2D
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were reconstructed using a filtered back projection
(FBP) algorithm with an 8-mm Hanning filter and
standard decay scatter sensitivity corrections (voxel size
2.34, 2.34, 3.27). Attenuation maps were derived from
low-dose non-contrast enhanced CT scans, and correct
alignment with PET datasets was visually verified.

CT Image Acquisition

Contrast-enhanced cardiac CT scans were acquired
on a 64-slice (LightSpeed VCT or Discovery CT750
HD) or a 256-slice (Revolution CT, all GE Healthcare,
Waukesha, WI, USA) CT scanner. Image acquisition
was performed with prospective electrocardiography
(ECG) triggering at 75% of the R-R interval. Slice
thickness was set to 0.625 mm. Up to 30 mg of
metoprolol (Beloc Zok, AstraZeneca, Zug, Switzerland)
was administered intravenously to achieve a target heart
rate of < 65 bpm. All patients received 2.5 mg isosor-
biddinitrate (Isoket, CPS Cito Pharma, Uster,
Switzerland) sublingually prior to the scan. Contrast
agent (Visipaque 320, GE Healthcare, Opfikon, Switzer-
land) volume (30 to 105 mL) and flow rate (3.5 to 5 mL/
min) were adapted to body mass index.

PET Image Analysis

From the rest scans, normalized semi-quantitative
myocardial PET tracer uptake summed across the entire
cardiac cycle, end-diastolic (ED) and end-systolic (ES)
uptake, quantitative myocardial blood flow (MBF), and
the k2 rate constant (i.e., tracer washout), based on a
two-compartment model, were computed using QPET
(Version 2015, Cedars-Sinai Medical Center, Los Ange-
les, CA, USA) and PMOD (Version 3.7, PMOD
Technologies, Zurich, Switzerland) and visualized on a
17-segment polar map. Segment 17 was defined as the
apex.' Apical thinning was defined as a semi-quantita-
tive uptake value of <70% in segment 17.'8
Additionally, a segmental rest score (RS) for the apex,
as automatically calculated from the QPET software
solution'” and based on a normal database (Figure 2),
was recorded according to the 5-point scale ASNC
semiquantitative  scoring system (0 =no defect,
1 = mildly reduced count density, 2 = moderately
reduced, 3 = severely reduced, 4 = absent activity).1
Patients with normal or only mildly reduced apical
counts (RS < 2) were compared to individuals with
moderate or severe count reduction or absence of counts
(RS > 2). Left ventricular ejection fraction (LVEF) was
obtained from gated PET, and heart rate (HR) during
PET acquisition was recorded. Additionally, we calcu-
lated the base-to-apex gradient for summed tracer
uptake, ED uptake, ES uptake, MBF and k2 expressed
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Figure 2. Reference polar map of the normal database used
by QPET to calculate segmental rest perfusion scores.

as the ratio between the respective values at the apex and
the base as previously described.”* >’

CT Image Analysis

Cardiac CT datasets were analyzed on a dedicated
workstation (AW 4.7, GE Healthcare). Images were
reconstructed as vertical and horizontal long axis views.
Window width and level were adjusted for optimal
delineation of the myocardial wall. Anterior, inferior,
and lateral left ventricular wall thicknesses were defined
as the mean of three consecutive measurements at
30 mm intervals, starting at the base (Figure 3). The
ventricular septum was excluded from measurement due
to poor delineation from the right ventricular cavity.
Apical thin point thickness was defined as the mean of
the visually identified minimal myocardial wall thick-
ness in both vertical and horizontal reconstructions.
Apical wall thickness was averaged from the thin point
thickness and adjacent measurements taken at a distance
of 10 mm from the thin point in all four directions
(Figure 3). Additionally, the measurements of the thin
point and the apex were adjusted for interindividual
variation in global myocardial wall thickness by
expressing them as a fraction of the averaged anterior,
inferior, and lateral wall thickness (referred to as
““indexed’” values). Additionally, we calculated the
base-to-apex gradient expressed as the ratio between
apical wall thickness and the mean of measurements A2,
12 and L2 (Figure 3).
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Figure 3. Schematic of left ventricular myocardial wall thickness measurement sites on vertical
(A) and horizontal (B) long axis CT reconstructions. TP, thin point; AP/-4, apex measurements;
Al-3, anterior wall; /-3, inferior wall; LI-3, lateral wall.

Statistics

All statistical analyses were performed using IBM
SPSS Statistics 25 (IBM Corporation, Armonk, NY,
USA). Continuous variables are expressed as mean =+ s-
tandard deviation (SD) and paired or unpaired Student’s
t-test was used for comparison. Categorical variables are
listed as frequencies (%) and were compared with the
Pearson y° test. Pearson correlation coefficients were
used to measure the relation between myocardial wall
thickness and PET-derived values. A P-value of < .05

was considered significant.

Ethics

The study was approved by the local ethics com-
mittee (BASEC-Nr. 2016-00177) and conforms to the
Declaration of Helsinki.

RESULTS

Fifty-seven patients were included in the final
analysis (Figure 1). Patient baseline characteristics are
given in Table 1.

PET-MPI

Mean semi-quantitative normalized apical tracer
uptake was 58.6 £ 7.1% and 53 patients (93%) had
apical thinning (i.e., an apical uptake of < 70%). Mean

rest MBF at the apex was 0.68 + 0.28 mL/g/min and
mean k2 rate constant was 0.29 + 0.18/min. When
confining analysis of normalized apical tracer uptake to
ED, all 57 patients (100%) exhibited apical thinning
compared to 43 patients (73.7%) at ES. Furthermore,
apical tracer uptake increased significantly from ED to
ES (43.0+59% vs 629 £9.2%, P < .001). When
compared to the normal database, perfusion at the apex
was deemed normal (RS =0) in 31.6% of cases
(n = 18), whereas 22.8% (n = 13) were classified as
having a mild (RS = 1), and 45.6% (n = 26) a moderate
uptake reduction (RS = 2). Mean semi-quantitative nor-
malized apical tracer uptake for patients with an apical
RS < 2 (n =31) and those with an apical RS > 2 was
62.5 £ 6.3% and 53.9 + 4.8%, respectively (P < .0001).
In patients with an apical RS > 2, lower apical MBF
was measured than in patients with RS < 2 (0.60 + 0.20
mL/g/min vs 0.75 = 0.32 mL/g/min; P = .044). Apical
k2 constants were 0.30 = 0.22/min in patients with
RS > 2 and 0.29 + 0.15/min in patients with RS <2
(P = .892), respectively.

CT Myocardial Thickness Measurements

Myocardial wall thickness measurements are given
in Table 2. We observed a minimal but statistically
significant difference in apical wall thickness between
patients with RS <2 and RS >2 (4.7 £ 0.7 mm vs
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Table 1. Patient characteristics
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Characteristic All patients (n =57) RS<2(n=31) RS=2(n=26) P-value*
Male gender, n (%) 41 (71.9%) 22 (71.0%) 19 (73.1%) .860
Age (years), mean + SD 64.0 + 9.8 66.3 +9.0 61.2 +10.2 .050
BMI (kg/m?), mean + SD 28.3 +5.9 27.8 +6.3 289 + 5.5 .502
LVEF (%), mean + SD 63.2 +12.1 64.5 + 12.0 61.6 + 12.1 .364
HR (1/min), mean + SD 61.5+10.5 62.7 + 10.8 60.0 £ 10.0 322

SD, standard deviation; BMI, body mass index; LVEF, left ventricular ejection fraction at rest; HR, heart rate at rest; RS, segment 17

rest score
*P for comparison of RS <2 vs RS > 2
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Figure 4. Base-to-apex gradients depicted as mean + SD
(error bars).

Table 2. Myocardial thickness measurements

4.3 £ 0.7 mm; P = .043), while all other parameters did
not differ between the groups.

Base-to-Apex Gradients from PET and CT

All PET-derived values (i.e., end-diastolic, end-
systolic, and summed uptake, MBF and k2), as well as
CT-derived myocardial wall thickness, showed a signif-
icant base-to-apex gradient (Table 3). While tracer
uptake, MBF and wall thickness declined from base to
apex, k2 rate constants were higher at the apex com-
pared to the base. The inter-individual range for each
gradient is depicted in Figure 4. Of note, gradients for
summed tracer uptake, ED, and ES uptake as well as
MBF were all significantly less inclining than the
gradient of myocardial wall thickness. Finally, the
gradient for tracer uptake was inclining more at ED
than at ES (0.76 = 0.07 vs 0.85 £ 0.09, P < .001).

Correlation Between PET and CT Findings

No correlation was observed between apical semi-
quantitative tracer uptake and the apical thin point

Measurement site  All patients (n =57) RS<2(n=31) RS=2(n=26) P-value*
Anterior wall (mm) 93+ 1.7 9315 93+20 .982
Inferior wall (mm) 9.1+ 1.7 9.2+1.5 9.1+20 .856
Lateral wall (mm) 9.5+ 1.8 99+1.9 90+ 1.6 .069
Thin point (mm) 2.3+0.8 2.3 +0.7 2.2 +09 .757
Apex (mm) 4.6 + 0.7 4.7 + 0.7 4.3 + 0.7 .043
Thin pointi,gexed 0.24 + 0.07 0.24 + 0.06 0.24 + 0.08 .983
ApeXindexed 0.49 + 0.06 0.50 = 0.06 0.48 + 0.06 127

Values given are mean * standard deviation. RS, apex rest perfusion score

*P for comparison of RS <2 vs RS > 2
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Table 3. Base-to-apex gradient

Base Apex Gradient P-value*
Wall thickness (mm) 90+ 1.6 4.6 +0.7 0.51 + 0.07 < .001
Summed uptake (%) 76.2 £+ 49 58.6 + 7.1 0.77 + 0.08 < .001
End-diastolic uptake (%) 56.7 £+ 4.8 43.0+59 0.76 + 0.07 < .001
End-systolic uptake (%) 739 + 7.1 629 +9.2 0.85 + 0.09 < .001
MBF (mL/g/min) 0.82 £ 0.29 0.68 + 0.28 0.83 £ 0.11 < .001
k2 (1/min) 0.25 +£0.12 0.29 £ 0.18 1.16 £ 0.43 .027

Values given are mean * standard deviation
*P for comparison of apex and base using a paired t-test

thickness (r = — 0.159, P = .237). Likewise, there was
no correlation between apical tracer uptake and apical
wall thickness (r = — 0.080, P = .553), nor did rest
MBEF correlate with either parameter (thin point: » = —
0.203, P =.129; apical wall thickness: r = — 0.211,
P = .115). Analysis of k2 washout yielded no significant
correlation with either thin point thickness (r = — 0.168,
P =.230) or apical wall thickness (r= — 0.023,
P = .872). Lastly, indexed myocardial wall thicknesses
did not correlate with apical tracer uptake (thin point;,.
dexed: ¥ = — 0.128, P = .343; apeXjngexea: ¥ = — 0.015,
P =.914), MBF (thin pointj,gexeq: + = — 0.065,
P =.630; apeXjngexea: ¥ = 0.130, P =.334) , or k2
washout (thin pointj,gexea: 7= — 0.169, P = .226;
apeXindexed: 7 = 0.062, P = .658). Similarly, we found
no correlation between the wall thickness gradient and
summed uptake gradient (r = — 0.037, P =.783), ED
gradient (r = 0.016, P = .906), ES gradient (r = 0.140,
P = .299), MBF gradient (r = 0.036, P =.791), or k2
gradient (r = — 0.021, P = .883).

DISCUSSION

This is the first study to investigate the prevalence
of apical thinning in PET-MPI and its possible associ-
ation with true anatomical thinning of the left ventricular
apical myocardium. In conjunction with partial volume
effects, the latter has been suggested as a potential cause
for apical thinning in SPECT-MPI. While this theory
may be applicable in the setting of the lower spatial
resolution in case of SPECT-MPI, only limited data
exists for PET-MPL**

Both autopsy and CT-based studies have reported a
high prevalence of focal reduction in myocardial wall
thickness at the left ventricular apex. Bradfield et al.
measured a thin point of <2 mm in 97% of post-
mortem hearts and in 67% of cases minimal thickness
values were even lower than 1 mm, resulting in a mean
apical thin point of 1.3 + 0.7 mm."* CT measurements

in patients without a history of cardiac disease con-
firmed these findings: Ferencik et al. reported a mean
thin point of 1.7 £ 0.7 mm in vertical long axis recon-
structions,16 and Johnson et al. measured
1.2 = 1.1 mm."” Using prospective ECG triggering and
latest-generation CT technology with image acquisition
at mid-diastole (i.e., at 75% of the R-R-interval), we
observed slightly higher thin point thickness values
(2.3 £ 0.8 mm).

In our study population, apical thinning in PET-MPI
was very frequent with 93% of the patients having a
normalized semiquantitative radiotracer uptake of
< 70% at the apex despite the fact that we carefully
excluded any patients with myocardial disease involving
the apex. Automated scoring based on our historical
normal database, which consequentially exhibits apical
thinning as well, correctly classified only little more than
half (54.4%) of the patients as having normal or only
mildly reduced apical rest perfusion, rendering distinc-
tion between apical thinning and true apical scars for the
interpreting physician difficult in clinical routine. The
latter also strongly emphasizes the need for a continuous
update of the normal database to match the acquisition
protocols and processing algorithms in order to serve as
a tool to reliably unmask apical thinning as an artifact.
However, future studies directly comparing patients
with true apical disease vs normal patients (preferably
identified through anatomical imaging such as CCTA)
may be needed to assess the true value of semi-
automated scoring systems and potentially even recog-
nize specific cut-off values for the apical region.

While we found a statistically significant difference
in apical wall thickness in patients with RS <2 as
compared to patients with RS > 2, and while this
difference may be considered negligibly small in abso-
lute numbers (i.e., 0.4 mm), it has to be taken into
account that the difference of observed tracer activity
assessed by PET between two objects of varying size is
influenced by differing recovery coefficients for these
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Figure 5. (A) Polar map display of semiquantitative tracer uptake (top) and vertical long axis view
(bottom) of a patient exhibiting both visual apical thinning and true anatomical thinning (thin point
thickness 1.4 mm). (B) example of anatomical thinning (thin point 1.4 mm) but only minimal
visual apical thinning on PET-MPI. (C) occurrence of apical thinning in a patient without true
anatomical thinning (thin point thickness 4.1 mm).

objects during image reconstruction. In our setting,
however, we assume this relative change in observed
tracer activity for a change in wall thickness of 0.4 mm
to lie in the range of up to 3% which does not entirely
explain the observed differences in semiquantitative
normalized apical tracer uptake between both patient
groups (i.e., 62.5 £ 6.3% vs 53.9 = 4.8%). By contrast,
our findings suggest that the partial volume effect may
play a more important role in the creation of the apical
thinning phenomenon as a comparison of ED and ES
datasets revealed a significant increase in apical tracer
uptake and a less prominent base-to-apex gradient at ES.
However, limiting the analysis to ES did not eliminate
apical thinning in the majority of patients as 74% still
exhibited apical tracer uptake below the threshold of
70% (compared to 100% of patients on ED images).
Interestingly, however, base-to-apex gradients were
much less pronounced for the PET-derived parameters
as compared to myocardial wall thickness, contrary to
what would be expected from a very strong influence of
the partial volume effect. Finally, apical myocardial wall

thickness did not correlate with tracer uptake in absolute
numbers nor when comparing their respective base-to-
apex gradients on summed, ED or ES images. From this,
we conclude that other factors than true anatomical wall
thickness and/or the partial volume effect play a more
prominent role in the creation of the apical thinning
artifact. This conclusion is corroborated by the fact that
in some cases, apical thinning and severe reduction in
apical myocardial wall thickness coincide (Figure SA),
while in others such an association cannot be found
(Figure 5B). Finally, in some cases marked apical
thinning can even be observed in patients with a thin
point thickness of up to 4 mm (Figure 5C).

Apical thinning has been reported to be more
pronounced on attenuation-corrected SPECT images
than on non-corrected images (NC), with some authors
suspecting an artifact induced by misalignment of the
attenuation map,®'' and with others assuming an
unmasking of true anatomical wall thinning by
AC.>7Y Specifically, it has been postulated that, on
NC images, the apex shows falsely high counts as it is
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located close to the chest wall and therefore less
affected by tissue attenuation. AC algorithms for
SPECT usually incorporate additional scatter com-
pensation and resolution recovery which may further
accentuate apical thinning.>*>*® In light of this, it
may be perceived as a limitation that we did not assess
NC images in our study and therefore cannot rule out
AC as a confounder. However, in PET-MPI, AC is a
mandatory process according to current guidelines.’
Additionally, all AC maps in the current study were
manually checked for any perceivable misregistration
and, while artifactual decreases in uptake because of
AC misregistration are a proven concept, they are
mostly encountered in the lateral and anterior wall
rather than at the ape><.8*10’31*33 Therefore, we would
expect to see additional defects in other areas of the
heart if AC was a major contributing factor to apical
thinning. The same reasoning may also apply to
respiratory and patient motion artifacts.”’ Regional
differences in metabolic trapping of 13N-ammonia at
the apex, as previously described in the inferior and
posterolateral wall’, are not supported by our findings.
While washout at the apex was higher compared to the
base (Figure 4), it was subject to a high level of
variation and did not differ between patients with mild
or pronounced apical thinning.

Limitations

It may be perceived as a limitation that we used CT
acquired at mid- to end-diastole (i.e., at 75% of the R-R
interval) to assess anatomical wall thickness as this may
not accurately reflect the true end-diastolic myocardial
wall thickness. However, while such potential overesti-
mation of the apical wall thickness may have had an
impact on our analyses based on absolute measurements,
the effect on the gradient analyses, which are based on
ratios, should be negligible. Furthermore, the fact that
some datasets were acquired and reconstructed differ-
ently, may be seen as a limitation namely because of the
resulting differences in spatial resolution. Hence, we
have performed all statistical analyses separately for
both groups of patients as well and did not find any
discrepant results that would have changed our conclu-
sions. Finally, the historical normal database used in the
present study, which comprises patients with low like-
lihood of CAD imaged during different scanner eras
with differing acquisition protocols (e.g., 2D and 3D
acquisition) may be imperfect and normal databases
from other institutions may yield differing results.
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NEW KNOWLEDGE GAINED

Apical thinning in 13N-ammonia PET-MPI has a
very high prevalence.

Apical thinning as seen in PET-MPI is not solely
attributable to true anatomical apical wall thickness and/
or the partial volume effect.

CONCLUSION

Apical thinning is a highly prevalent finding during
13N-ammonia PET-MPI that is not solely attributable to
true anatomical apical wall thickness or the partial
volume effect. Other factors that yet need to be
identified seem to have a more prominent impact.

Disclosure

The authors do not have any personal conflicts of interest
to declare. However, the University Hospital Zurich holds a
research contract with GE Healthcare.
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