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Abstract

Background. Aortic arch hypoplasia (AAH) is an important congenital
cardiovascular abnormality that requires accurate anatomical characterization for
appropriate surgical planning. Computed tomography angiography (CTA) provides
high-resolution measurements of the ascending aorta and transverse aortic arch;
however, different diagnostic criteria may classify hypoplasia inconsistently.
Objective. This study aimed to compare the agreement between a Z-score-based
definition of AAH and a ratio-based morphologic criterion derived from CTA
measurements.

Methods. This retrospective study included 48 pediatric patients with clinically
confirmed AAH who underwent CTA. The ascending aorta diameter, transverse
aortic arch diameter, and the arch-to-ascending aorta (Arch/AAo) ratio were
obtained from multiplanar reformatted CTA images. Hypoplasia was defined using
two approaches: (1) Z-scores (< -2), and (2) a ratio-based criterion (Arch/AAo <0.50).
Summary statistics were computed for all measurements, and agreement between

methods was assessed using percent agreement, Cohen’s k, and McNemar's test.
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Results. The mean ascending aorta diameter was 0.95 + 0.46 cm, the mean transverse
arch diameter was 0.50 + 0.27 cm, and the median Arch/A Ao ratio was 0.50 (IQR 0.43-
0.65). The Z-score method classified 47 of 48 patients (97.9%) as hypoplastic, whereas
the ratio criterion identified 18 patients (37.5%) as hypoplastic. Agreement between
methods was 44.2%, with a Cohen’s x of 0.03, indicating minimal concordance
beyond chance. McNemar's test demonstrated significant disagreement between
classifications (x2=22.04).

Conclusion. The Z-score and Arch/AAo ratio methods differ substantially in how
they classify AAH. While Z-scores incorporate normative size adjustment, the ratio
criterion reflects anatomical proportionality and identifies a more selective subset of
patients with marked transverse arch narrowing. Clinicians should recognize these
methodological differences when assessing AAH and selecting criteria for diagnosis

or surgical decision-making.

Keywords: aortic arch hypoplasia, congenital heart defects, computed tomography

angiography, Z-score, aortic ratio, pediatric cardiovascular imaging, aortic

measurements, diagnostic agreement.

1. Introduction

Congenital anomalies of the aortic arch are
relatively uncommon and may coexist with other
congenital cardiovascular disorders [1, 2]. In most cases,
these anomalies are detected incidentally on imaging in
otherwise asymptomatic patients [3]. An important
exception occurs when the aberrant arch configuration
forms a complete vascular ring, encircling the trachea and
esophagus and potentially producing compressive
symptoms [4].

Aortic arch hypoplasia (AAH) is defined by comparing
the external diameter of each arch segment with that of
the ascending aorta, which is assumed to represent
normal caliber [5]. Based on established criteria, the
proximal transverse arch is considered hypoplastic when
its external diameter measures <60% of the ascending
aorta (AAo), the distal transverse arch when <50% [6, 7],
and the aortic isthmus when <40% of the AAo diameter

[8]. AAH may occur as an isolated abnormality or in

association with other aortic lesions that impede systemic
outflow, such as coarctation and interruption of the aorta
[9]. It may also coexist with intracardiac defects,
including atrial septal defect, ventricular septal defect, or
patent ductus arteriosus [10].

Computed tomography angiography (CTA) is a non-
invasive imaging modality that enables accurate
detection and characterization of aortic arch anomalies
through high-resolution visualization of anatomical
relationships, advanced post-processing techniques
(Volume Rendering, Maximum Intensity Projection, and
Multiplanar Reformation), and the ability to identify
associated congenital abnormalities [11]. The high spatial
resolution of CTA, combined with its capacity to evaluate
extracardiac structures such as the great vessels, makes it
the preferred modality for generating three-dimensional

models in congenital heart disease [12, 13] (Figure 1).
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Figure 1- CTA multiplanar images of a 5-day-old patient with AAH. (A) Axial plane, (B) sagittal plane, and (C) coronal plane

demonstrate the narrowed transverse aortic arch, indicated by the yellow arrow. (D) Three-dimensional volume-rendered

reconstruction provides an overview of the aortic arch anatomy, with the hypoplastic segment similarly highlighted

Despite the central role of CTA imaging in the
evaluation of congenital aortic arch pathology, there is no
consensus regarding the optimal criterion for defining
AAH, and different measurement approaches may
classify the same anatomy inconsistently. In particular, Z-
score-based assessment [14, 15] and arch-to-ascending
aorta (Arch/AAo) ratio-based morphological criteria are

both used in clinical practice, yet their level of agreement

2. Material and methods

Study design and population

This retrospective study included 48 consecutive
pediatric patients with a confirmed clinical diagnosis of
AAH who underwent CTA as part of their diagnostic
evaluation at the Heart Center of the University Medical
Center in Astana, Kazakhstan, between 2020 and 2023.
Inclusion criteria were patients with available CTA
imaging of sufficient quality to allow precise
measurement of both the AAo and the aortic arch.
Patients with incomplete CTA datasets, nondiagnostic
image quality, or prior aortic surgery were excluded. All

diagnoses were established by a multidisciplinary team

has not been adequately examined. Therefore, this study
aimed to compare these two commonly employed
methods: Z-scores and the Arch/AAo diameter ratio
using CTA-derived measurements in a cohort of patients
with clinically confirmed AAH. By assessing the
concordance between these approaches, we sought to
clarify their diagnostic alignment and highlight potential

implications for clinical evaluation and surgical planning.

consensus  consisting of pediatric cardiologists,
cardiothoracic surgeons, and radiologists.

Written informed consent was obtained from the
legal representatives of pediatric patients for publication
and any accompanying images. All procedures
performed in studies involving human participants were
in accordance with the ethical standards of the
institutional and/or national research committee and
with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards. The study

was approved by the Bioethics Committee of the Heart
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Center, University Medical Center, Astana, Kazakhstan
(21 Jan 2022/No. 01-110/2022).

Imaging acquisition

CTA examinations were performed using a
Siemens Somatom Definition AS 64-slice scanner.
Prospective ECG gating was applied to minimize cardiac
motion artifacts. Intravenous iodinated contrast medium
(Ultravist 370; 1.5-2.0 mL/kg) was administered using a
dual-head injector at an infusion rate of 0.5-2.0 mL/s.
Bolus tracking was performed with the region of interest
positioned in the AAo and an acquisition trigger
threshold of 100 Hounsfield units. Axial images were
reconstructed with a slice thickness of 0.6 mm and a
reconstruction increment of 0.1 mm. Multiplanar
reformations were generated using syngo.via (Siemens,
Germany) to obtain measurements perpendicular to the
vascular axis.

Aortic diameter measurements

Z-score method [14]: the Z-score value reported
in the CTA report (Heart Center institutional pipeline)
was used to determine hypoplasia. Hypoplasia is defined
as Z < -2. Z-scores were calculated by the CTA reporting

software, normalized to body surface area.

3. Results

Patient cohort
A total of 48 patients with clinically confirmed
AAH were included. After cleaning and standardization

of CTA measurements, complete aortic diameter data

AAH was defined using the Arch/AAo diameter
ratio:

Aortic arch diameter

Ascending aorta diameter

Aortic arch diameter/Ascending aorta diameter<0.5.

This threshold is consistent with established
radiologic and surgical criteria for clinically significant
transverse arch hypoplasia [15].

Statistical Analysis

Statistical analyses were performed using Stata
version 18.0 (STATA, StataCorp, Texas, US). Continuous
variables were summarized using mean, standard
deviation (SD), median, and interquartile range (IQR).
Categorical variables were expressed as counts and
percentages, with comparisons conducted using the Chi-
square or Fisher’s exact test, as appropriate. Normality
was assessed using the Shapiro-Wilk test. Agreement
between the Z-score method and the ratio-based method
was evaluated using overall percent agreement, Cohen’s
Kk statisticc, and McNemar’s test based on a 2x2
contingency table. A p-value < 0.05 was considered

statistically significant.

(AAo and aortic arch) were available in all analyzable
cases, and these were used for the Arch/AAo ratio
calculation. The distribution of CTA-derived diameters is

presented in Table 1.

Table 1 - Descriptive statistics of aortic measurements

Measurement Mean SD Median IQR Min Max
AAo 0.946 0.458 0.80 0.70-1.00 0.40 3.00
Arch 0.497 0.269 0.40 0.385-0.50 0.18 1.70
Ratio 0.539 0.154 0.50 0.43-0.65 0.30 1.00

Z-score (CTA) -4.149 1.748 -3.965 -4.752- -2.950 -9.40 -1.98
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Arch-to-ascending aorta diameter ratio

The Arch/AAo ratio was calculated in all patients
with complete aortic measurements. The distribution of
1) demonstrated substantial

ratio values (Figure

anatomical variability, with a subset of patients

exhibiting markedly reduced ratios consistent with

20

pronounced transverse arch narrowing. Histogram plots
of the AAo diameter, transverse aortic arch diameter, and
the resulting Arch/AAo ratio illustrate the variability
within the cohort and highlight the morphological

differences captured by this proportional metric.

10
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Figure 2 - Distribution of AAo, aortic arch, and Arch/AAo ratio measurements in the study cohort. The panel presents

histograms of (A) AAo diameter, (B) transverse aortic arch diameter, and (C) the Arch/AAo ratio. All measurements were

obtained from CTA in patients with complete aortic diameter data included in the final analysis

Agreement between the Z-score and the arch-to-
ascending aorta ratio

An agreement analysis between the Z-score
method and the ratio-based criterion was performed in
all 48 patients (Table 2). Using the <0.50 threshold, 18
patients were classified as hypoplastic by the ratio

method. Based on available and clinically derived Z-

score classifications, 47 patients were categorized as
showed 18

concordant hypoplastic classifications and 25 discordant

hypoplastic. The agreement analysis
classifications, with one case classified as negative by
both methods. Overall agreement was 44.2%. Cohen’s k

was 0.03, and McNemar’s test yielded a x2 value of 22.04.

Table 2 - Agreement between methods

Comparison n concordant n discordant K (95% CI) McNemar p
hypoplasia
Z-score vs Ratio 22 0.03 22.04
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Associated cardiovascular anomalies
Chi-square and Fisher's exact tests were applied

to assess the clinical characteristics of patients with AAH

anomalies, which

and their associated chromosomal and cardiovascular

are presented in Table 3.

were

diagnosed using

echocardiography and CTA. The results of these analyses

Table 3 - Clinical data of 48 patients with AAH and their associated cardiovascular anomalies

Characteristics Options Number (Percentage)
Imaging modalities 64-slice CTA 48 (100.0%)
Echocardiography 48 (100.0%)
Aortic arch side Left 46 (95.8%)
Right 2 (4.2%)
Chromosome abnormalities Down syndrome 2 (4.2%)
Combined Ventricular septal defect 33 (68.8%)
cardiovascular
anomalies Atrial septal defect 21 (43.8%)

Atrioventricular septal defect 5 (10.4%)
Coarctation of the aorta 28 (58.3%)
Patent ductus arteriosus 33 (68.8%)

Patent foramen ovale 19 (39.6%)
Aortopulmonary window 1(2.1%)
Transposition of the great arteries 8 (16.7%)
Bicuspid aortic valve 7 (14.6%)
Ebstein's anomaly 1 (2.1%)
Taussig-Bing anomaly 3 (6.3%)
Myocardial hypertrophy Left 8 (16.7%)
Right 1(21%)
Both 1(2.1%)
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4. Discussion

The comparison between the ratio-based method
and the Z-score classification demonstrated substantial
variation in how each approach identifies AAH. The ratio
method, which reflects the proportional relationship
between the aortic arch and the AAo [17], classified a
smaller proportion of patients as hypoplastic, whereas
the Z-score method identified nearly all patients as
hypoplastic. This resulted in a low level of agreement
between the two approaches. Cohen’s k was near zero,
indicating minimal concordance beyond chance, and
McNemar’'s test showed significant directional
disagreement (Table 2), suggesting that the two methods
categorize patients differently in a non-random manner.

These findings indicate that while CTA remains
essential for evaluating aortic arch anatomy [18], notable
methodological differences exist between the size-
adjusted Z-score assessment and the morphology-based
ratio criterion. The ratio method emphasizes structural
disproportionality between aortic segments [19], while Z-
scores rely on deviation from normative pediatric
reference data [20]. As a result, the ratio approach
appears to function as a more restrictive anatomical
measure, identifying only those patients with
pronounced narrowing of the transverse aortic arch.

The ratio has been widely adopted as a

diagnostic criterion in prior research. Kiraly et al.

5. Conclusion

This study evaluated two commonly used
approaches for identifying AAH: Z-score assessment and
a morphologic ratio-based criterion derived from CTA
measurements. The ratio method identified a smaller
subset of patients as having a hypoplastic arch, resulting
in limited agreement with Z-score classification. These
findings emphasize that the two methods reflect distinct
aspects of aortic arch anatomy: Z-scores incorporate
normative size adjustment, whereas the ratio criterion
relative  structural When

captures narrowing.

identified an empiric threshold of 0.5 for differentiating
normal from hypoplastic arches based on the distribution
of Arch/AAo Most

anomalies were similarly distributed across both groups,

ratios. associated congenital
except for atrial septal defect, which was consistently
more frequent among patients with a hypoplastic arch
[21]. In their case report describing endovascular
treatment of recurrent aortic hypoplasia and coarctation
in a 15-year-old patient, Rhodes et al. defined a
hypoplastic aortic arch as an Arch/AAo diameter ratio of
<0.5 [22]. Despite its widespread use, the definition and
management of aortic hypoplasia, especially in relation
to coarctation, remain areas of ongoing research and
clinical debate [23-25].
This study has

retrospective design and the absence of standardized

several limitations. Its
measurement acquisition may introduce selection and

measurement bias. Z-scores were inconsistently
documented and could not be recalculated from raw data,
reducing uniformity in the reference standard. The
relatively small cohort and the imbalance between
hypoplastic and non-hypoplastic classifications also
constrained the robustness of agreement statistics. Larger
prospective studies with standardized measurements
and recalculated Z-scores are needed to validate these

findings.

interpreting imaging findings or planning surgical
management, clinicians should be aware of these
methodological differences, as the selected definition
may influence which patients are categorized as having
AAH.  Further

incorporating standardized measurement protocols and

clinically  significant research
larger cohorts may help refine the optimal approach for
consistent and clinically meaningful identification of arch

hypoplasia.
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Tyiingeme

Kipicme. Koaxa aoracembm rumnonaasusacsl (KAL) xupyprisaaplk, TaKTUKaHBL AYPBIC SKOCIapAay YIIiH 434
aHaTOMMAABIK, OaradayAbl Talall eTeTiH MaHBI3AbI Tya OiTKeH >KYpeK-KaHTaMbIp aHOMaAMsIChl OOABII TaOblaaAbl.
Kommriotepaik Tomorpadpus anrnorpaduscer (KT-anrmorpadust) epaemeai KOAKAHBIH >KoHe KoAJeHeH KOJAKa
AOFaCBIHBIH ©AIlleMJepiH >KOFaphl KeHICTIKTiK allbIpBIMABIABIKIIEH aHBIKTayFa MYMKiHAIK Oepeai; aaaitga apTypai
AVIaTHOCTUKAABIK KpUTEpUILAep IUIIOIAA3VAHbI dpKadall XKikreyi MyMKiH.

3eprreyain Makcatel. KAl ambikTayda koasaHpaateiH KT-anrmorpadust AepekrepiHeH aablHFaH Z-
KOpCeTKIillIke Heri3jeAreH Tocia >KoHe apakaTblHacKa HerizgeareH MOP(OAOIMABIK, KpUTEpUiiAiH e3apa
KeaiciMaiairin Garaaay.

Oaicrepi. bya perpocnexrusti seprreyre kamnnkaask Typae KA pacraapimn KT-anrnorpagus xxacaaran 48
IeAMaTpUAABIK, Haykac eHriziaai. KT-anrmorpadmst cyperTepiHiH KOIKeHICTIKTi peKOHCTPYKLVUICHIHAH epaeMei
KOAKaHBIH AuaMeTpi, KeaJeHeH KOAKa AOFACBIHBIH AMaMeTpi >KoHe JoFa MeH epaeMeai KOAKaHBIH apaKaTbIHaChl
(Arch/AAo) aaparan. [Mmonaasms exi TaciameH aHbIKTaA4b:: (1) Z-kepceTkimi < -2 >xoHe (2) Arch/AAo KaThIHACH <
0,50. bapabIx eameMaep YIIIiH cUIIaTTaMaAbIK CTaTUCTHKA XY Pri3iagi, aa agicTep apacbhlHAAFbI KeAiCiMAiAiK MalbI3AbIK
covikecTik, KooH Kk koapPunmenti >xoHe Max-Hemap TecTiH Koa4aHy apKbLAbl OaFalaHABL

Hotroxeci. Opaemeai koakaasH opTama anametpi 0,95 + 0,46 cM, KeadeHeH 40FaHBIH opTamra auaMetpi 0,50
+ 0,27 cM, aa Arch/A Ao xarsiHacsHbH MeanaHacs! 0,50 (IQR 0,43-0,65) 6044561 Z-kepceTkimt Taciai 48 HaykacTsIH 47-

cin (97,9%) rumonaasmus aen KikTece, KaTbhiHac Kpurtepmitri 18 Haykacka (37,5%) rmmomnaasus AMarHO3bIH KOVIAEBL
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OJaicTepain >KaAarsl covikecTiri 44,2% 60a4p1, aa KosH k koadppurnenti 0,03 Kypar, ke34eiCcOK ColiKeCTiKTeH >KOFapEbI
MUHUMAaAABl KediciMaizikri kepcerti. Mak-Hemap TecTi >KikTeyaep apachblHga aliTapABIKTall alibIpMalllbLABIKTHL
a"bIKTaABI (X2 =22,04).

KopouiteiHABL. Z-KepceTkimke >koHe Arch/AAo KaTbiHachiHa HerisgeareH ogictep KAI' xikreayinae
alfTapABIKTall alibIpMalllbLABIK, KepceTedi. Z-KOpCeTKilTepi eammeMAepAiH KaAbIITEH ©AIIIEeMHEH ayBITKYBIH ecKepce,
KaTbIHAC KpUTepUili aHAaTOMMAABIK IPOIOPLIIHBI CUIIATTaliAbl KoHe KeAJAeHeH AOFaHbIH aliKbIH TapbIAyBl Oap
HayKacTapAblH Tap ayKbIMBIH aHbIKTaligbl. KAI-Hbl Oarazay >KoHe AMArHOCTUKAABIK He XUPYPTUSABIK IIEIIiM
KaObL14ay OapbIChIHAA KAMHULIVICTEP OYA 9AiCTeMeAiK allbIpMaIlIBLABIKTapABI €CKepyi THiC.

Tylin cesaep: KoaKa JOFachIHBIH TIMIIONAA3UACH, Tya OiTKeH Xypek akayaapsl, KT-anrmorpadms, Z-
KOPCETKIIll, aopTaAblK KaTblHAC, IIeANaTPUABIK O KYpPeK-KaHTaMBIp BU3yaAM3alVUICH, KOAKa eAlreMaepi,

AVaTrHOCTUKAABIK KeAiCiMAiliK.

CoraacoBaHHOCTb MeXAy Z-OIleHKOM ¥ OTHOIIIeHNeM graMeTpa AYTY aOPThI K BOCXOASIIIeN
aopre, paccauTaHHBIM IO AaHHBIM KT-aurnorpadgu, 4asi BuisiBAeHUS
ITMIIOIIAA3VM AYTY aOPThI
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Pe3iome

Bseaenme. I'mnonaasus Ayru aoptsl (II4A) s1BAsieTCs Ba>KHOI BPOXKAEHHOI cepAedHO-COCYAVMCTOM aHOMaAers,
TpeOyIoIell TOYHOM aHaTOMMYEeCKOl OLIeHKU AAs ILAaHMPOBaHIsA XUPYPTUYecKOro BMelaTeAbCTsa. KommbiotepHast
toMmorpadudeckast anrunorpadusa (KT-anrmorpadust) obecriednBaeT BBICOKOE IIPOCTPAaHCTBEHHOE paspelleHne Aas
M3MepeHNsI BOCXOAJAIell aopThl M IIOIEepPeyHO AYTY aopThl; OJHAKO IIpMMeHeHNe pa3ANIHBIX AMarHOCTMYeCKMX
KpUTepVeB MOXKeT IIPUBOAUTH K HEOAHO3HAYHOM KAacCUpUKaLIUY TUIIONAa3 L.

Ieabp mccaegosamms. OILeHUTh COr1acOBAaHHOCTh MeXAy ompegeseHneM ['JA Ha ocHOBe Z-OLIEHKM U
MOp$OAOTMYECKUM KpUTEPMEM, OCHOBAHHBIM Ha COOTHOILIEHUN AMaMeTPOB, paccuMTaHHBIM 110 JaHHbIM KT-
aHruorpaduu.

MeTtogap1. B perpocniekTuBHOe nccaes0BaHe ObLAV BKAIOYEHEH 48 e raTpIIecKyX MalliieHTOB C KAMHITIeCKI
noarsepxaéunoit IAA, xkotopeiM 65112 Bemoanena KT-anrnorpadust. 113 MHOrONA0CKOCTHBIX PEKOHCTPYKINI ObLAY
IOAy4YeHBl ITapaMeTPhl: AuaMeTp BOCXOASAIIEN aopThl, AMaMeTp IIOIIEPEeYHON AYIM aopThl M OTHOIIEHue AyTH K

Bocxogsieit aopre (Arch/AAo). Tunonaasus onpeaeasaacs Asyms criocobamu: (1) Z-rmoxasaTeas < -2 u (2) KpUtepuit
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orHomenus Arch/AAo <0,50. Aas Bcex m3aMepeHnit ObLAM pacCUMTaHBI ONyICaTeAbHbIe CTaTUCTHKI, a COT1aCOBaHHOCTD
MeTOJ0B OLIeHMBaJach C MCII0Ab30BaHNeM IIPOIleHTa coBltajennii, koadpdunuenrta k Kosna u kpurepns Mak-Hemapa.

Pesyabrarer. Cpeannit amameTp Bocxosimeit aopTel coctasua 0,95 + 0,46 cM, cpeaanii AraMeTp IIOIIepedHON
aymn — 0,50 + 0,27 cm, a Mmeanana otHomreHnst Arch/AAo — 0,50 (IQR 0,43-0,65). MeTtog Z-olieHkn KaaccupuUuposal
47 n3 48 nannenTos (97,9%) Kak MMEIOIINX TUIIONAa3MIO, TOTAA KaK KpUTEePUIl OTHOIIEHN BbIABM/ TUIIONAA3NIO ¥ 18
rmanueHTos (37,5%). Obmias coraacoBaHHOCTh MeTOAOB cocrasuaa 44,2%, a xosdpdunment k Kosna — 0,03, uro
CBUAETEABCTBYeT O MUHMMaABHOM COBIIaJ€HUM CBepX YpOBHs caydarHoctn. Kpurepuit Mak-Hemapa mokasaa
CyIIIeCTBEHHBIE PACXOXKAEHIS MeXKAy KAaccuuKarysmu (X2 = 22,04).

3akaroduenne. MeTobl, OCHOBaHHBIE Ha Z-TT0OKa3aTeAsix 1 oTHomeHny Arch/AAo, cyiiecTBeHHO pa3AnyJaloTcs
B Kaaccudukammu ['JA. Z-riokazatean yIuTHIBAIOT OTK/AOHEHNE pa3MepOB OT HOPMaTMBOB, TOTAa KaK KpUTepuit
OTHOIIIEHNsSI OTpa’kaeT aHaTOMMYECKYIO ITPOIOPIVOHAABHOCTD U BblAeAseT 0o/ee Y3KYIO IOAIPYIILy IIallMIeHTOB C
BBIpa>KEHHBIM Cy>KeHMeM rornepeynoir Ayru. I[Ipn onenke I'JA u BBIOOpe AMarHOCTMYECKOTO MAU XUPYPTUIECKOTO
110AX0Aa KAVHUIVICTAM CAeAyeT YIUTHIBATh DTV METOA0A0TMIeCKIEe Pa3ANdILsL.

KarodgeBble caoBa: rumonaasus Ayru aopTsl, BpoXKAEHHBIe ITopokn cepanta, KT-anrmorpadust, Z-mokasareas,
aopTaabHOe OTHOIIeHMe, JAeTCKasl CepAeuHO-COCYAUCTasl BU3yaAM3alisd, M3MepeHMUs aopThl, AMarHOCTIJecKas

COraaCoBaHHOCTD.
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