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Abstract
Introduction: While individuals with Huntington disease (HD) show memory impairment 
that indicates hippocampal dysfunction, the available literature does not consistently 
identify structural evidence for involvement of the whole hippocampus but rather sug-
gests that hippocampal atrophy may be confined to certain hippocampal subregions.
Methods: We processed T1-weighted MRI from IMAGE-HD study using FreeSurfer 7.0 
and compared the volumes of the hippocampal subfields among 36 early motor sympto-
matic (symp-HD), 40 pre-symptomatic (pre-HD), and 36 healthy control individuals across 
three timepoints over 36 months.
Results: Mixed-model analyses revealed significantly lower subfield volumes in symp-
HD, compared with pre-HD and control groups, in the subicular regions of the perforant-
pathway: presubiculum, subiculum, dentate gyrus, tail, and right molecular layer. These 
adjoining subfields aggregated into a single principal component, which demonstrated 
an accelerated rate of atrophy in the symp-HD. Volumes between pre-HD and controls 
did not show any significant difference. In the combined HD groups, CAG repeat length 
and disease burden score were associated with presubiculum, molecular layer, tail, and 
perforant-pathway subfield volumes. Hippocampal left tail and perforant-pathway sub-
fields were associated with motor onset in the pre-HD group.
Conclusions: Hippocampal subfields atrophy in early symptomatic HD affects key re-
gions of the perforant-pathway, which may implicate the distinctive memory impairment 
at this stage of illness. Their volumetric associations with genetic and clinical markers 
suggest the selective susceptibility of these subfields to mutant Huntingtin and disease 
progression.
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INTRODUC TION

Huntington disease (HD) is an inherited neurodegenerative disorder, 
arising from an unstable trinucleotide CAG repeat expansion in the 
huntingtin (Htt) gene. The typical diagnosis of HD is marked by the 
presence of choreiform movements in middle age, accompanied by 
an array of dysexecutive neurocognitive and behavioral symptoms 
[1]. Although these clinical manifestations are commonly attributed 
to the frontostriatum, longitudinal studies have revealed widespread 
brain and cognitive changes that predate the motor onset, and that 
are not frontostriatally mediated [2, 3]. In particular, a significant 
body of work has implicated hippocampal involvement in HD [4].

Many facets of hippocampal dysfunction are commonly ob-
served in early HD [4–7]. Notably, successive studies both in human 
and mouse models have reported visuospatial memory deficit that 
is analogous and hippocampal-mediated [4]. This cognitive correlate 
presents as a promising measure for translating findings from animal 
models to human in HD as it is also associated with motor onset and 
disease progression [6, 8]. In contrast, whole hippocampal atrophy 
has not been identified consistently in the early stages of HD, but it 
is apparent and accelerated in the middle to late symptomatic stages 
[4, 5, 9]. Given the discrepancy between the hippocampal impair-
ment and structural involvement in early HD, hippocampal atrophy 
may be confined to certain subfields, and may not be apparent when 
measured as a whole.

Several studies have evaluated the hippocampal subregions in 
HD [5, 9, 10]. In MRI surface analyses, atrophy of medial and pos-
terior regions has been reported in early HD [5, 9]. Postmortem 
studies have shown neuronal loss in the subiculum and the body 
of cornu ammonis (CA) 1 [10, 11]. Interpretation of these studies, 
however, is limited by the omission of key hippocampal subfields, 
specifically those that form the main hippocampal connection, 
the perforant-pathway (Figure  1) [12]. Moreover, the neural cor-
relate of visuospatial memory implicates certain subfields in the 
perforant-pathway. In a pioneering discovery by O'Keefe [13], the 
place cells, which specify the subject's location within an environ-
ment, have been described in the dentate gyrus (DG) and CA of 
the rat hippocampus. Successive studies have found other spatial 
learning cells, including head-direction, spatial-view, and grid cells, 
in the presubiculum [14–16]. Additionally, these cells are physio-
logically regulated by the inhibitory cells in the hippocampal mo-
lecular layer (ML). While these findings are derived largely from 
animal models during navigational tasks, virtual simulation of the 
same experimental conditions in humans have corroborated the 
involvement of the same subfields [17]. Likewise, several virtual 
simulation studies have reported poor navigational performance 
in pre-motor symptomatic (pre-HD) and early symptomatic HD 
(symp-HD), which posits the selective vulnerability of hippocampal 
subfields that comprise spatial learning cells to the neurodegener-
ative process in early HD [7, 8].

Recent advances in MRI segmentation techniques have offered 
in vivo automated volumetric analysis of the hippocampal subfields. 

We obtained data from the IMAGE-HD longitudinal study to com-
pare the volumes of 12 hippocampal subfields and their annual rate 
of change among healthy individuals and compared these volumes to 
pre-HD and early symp-HD individuals. In the combined HD group, 
we further clustered the hippocampal subfields by their volumetric 
changes, and also evaluated the subfield volumes for associations 
with HD genetic and clinical measures. We hypothesized that the 
subfields comprising the perforant-pathway and involved in visu-
ospatial memory will have significantly greater volume reductions 
than in other subfields and that these changes would correlate with 
the measures of clinical severity in HD.

METHODS

IMAGE-HD cohort

A total of 112 participants from the IMAGE-HD study in 2008–2009 
were included in this analysis [18]. The cohort included 36 early 
symptomatic HD (symp-HD), 40 presymptomatic HD (pre-HD), and 
36 healthy control individuals. MRI scanning and clinical assess-
ments were conducted for each individual in three timepoints: at 
baseline, 18 months, and 36 months. Of these visits, 96 participants 
(85.6%) completed longitudinal scans and assessments (2 time-
points, n = 18; 3 timepoints, n = 78). This study was approved by the 
Monash University Human Research Ethics Committees, and each 
participant provided written informed consent.

F I G U R E  1  The hippocampal perforant-pathway. The 
hippocampal afferent (white arrows) from the entorhinal cortex 
projects to the presubiculum and subiculum, perforates through 
the border of the subiculum and CA1, and synapses within the 
molecular layer of the dentate gyrus (DG) and cornu ammonis 
(CA). The pathway continues with the collateral connections in the 
DG granular and CA pyramidal regions (yellow arrows), where the 
hippocampal efferent projects its main output (green arrow) back 
to the subiculum. CA, cornu ammonis; DG, dentate gyrus; ML, 
molecular layer; PreS, presubiculum; Sub, subiculum.
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Clinical characteristics

Diagnostic assessments were carried out in a specialist HD clinic in 
Victoria, Australia. In addition to having a formal clinical diagnosis, 
and ≥39 CAG repeat length, the case groups were differentiated 
by Unified Huntington's Disease Rating Scale (UHDRS) total motor 
score of >5 for symp-HD and ≤5 for pre-HD [3]. Self-reported onset 
of first motor symptoms was collected in the symp-HD and esti-
mated years to onset was calculated for the pre-HD group [19]. We 
also calculated the disease burden score (DBS): age × (CAG–35.5) [3]. 
Healthy controls were matched to pre-HD individuals for age, gen-
der, and premorbid intelligence quotient (IQ). Scores on the symbol 
digit modalities test (SDMT) were also included. A summary of de-
mographic and clinical characteristics is shown in Table 1.

MRI acquisition

T1-weighted images were acquired on a Siemens Magnetom Trio 
Tim System 3 Tesla scanner with a 32-channel head coil at the Royal 
Children's Hospital, Victoria, Australia. Sequence parameters com-
prised 192 slices with 0.9 × 0.8 × 0.8 mm image resolution, 320 × 320 
field of view, inversion time of 900 ms, echo time of 2.59 ms, recov-
ery time of 900 ms, and 9° flip angle.

Image preprocessing

Automated segmentation of hippocampal subfields

All T1 images were included after visual inspection for artefact. 
Automated brain segmentation was carried out in FreeSurfer ver-
sion 7.0. These procedures are well-validated and have been detailed 
at https://surfer.nmr.mgh.harva​rd.edu/fswik​i/FreeS​urfer​Metho​

dsCit​ation. For cross-sectional subjects, T1-weighted scans under-
went affine transformation to MNI305 space and skull stripping. 
Segmented volumetric structures were labeled based on normalized 
intensity and neighboring constraints. For individual with scans from 
multiple timepoints, a longitudinal pipeline was used to reduce the 
within-subject variability [20]. A within-subject template was cre-
ated for each subject using robust, inverse consistent registration 
from the common information in each timepoint, which yielded an 
identical total intracranial volume (TIV) for the individual. The longi-
tudinal scans were then processed according to the cross-sectional 
pipeline using the within-subject template, thereby increasing seg-
mentation reliability. Subsequently, automated segmentation algo-
rithm of hippocampal subfields was applied to cross-sectional and 
longitudinal processed data. This algorithm, based on Bayesian infer-
ence, utilized image intensities and probabilistic atlas from 7 Tesla ex 
vivo MRI of 15 subjects and 1.5 Tesla in vivo MRI with 1 mm resolu-
tion of 39 subjects [21]. The examined hippocampal subfields were 
parasubiculum, presubiculum, subiculum, CA1, CA2-3, CA4, granule, 
and molecular layer of DG, molecular layer of hippocampus (ML), 
hippocampal–amygdala transitional area (HATA), fimbria, tail, and 
fissure.

Quality control procedures were applied by examining volumet-
ric outliers within each group (≥2.98 SD) and visually inspecting for 
the segmentation accuracy [22]. No manual modification or data 
exclusion was necessary. A FreeSurfer-processed template of a ran-
dom normal subject was 3D-rendered using Slicer software to illus-
trate the pair-group mean volumetric differences [23].

Statistical analysis

Data were analyzed using jamovi version 1.6, which was based 
on R version 4.1.2 (2021). Baseline demographic data and clinical 
measures in pre-HD, symp-HD, and healthy control groups were 
compared using ANOVA, Fisher's exact, Mann–Whitney U, or in-
dependent t-test according to the data distribution. All volumetric 
analyses were corrected for false discovery rate (FDR) at 5% (see 
Supplemental Tables A–C).

To compare group differences in subfield volumes, we used sep-
arate general linear mixed-effect models (GLMM) for each subfield 
with the volume as dependent variable. Group was entered as an in-
dependent variable, along with baseline age, days from baseline scan 
(timepoint), TIV, and sex. Random intercepts and slopes were speci-
fied for each participant. To investigate the group differences in an-
nual rate of volume change, we used a general linear model (GLM) 
to include the regression slope of within-subject subfield volumes 
over the longitudinal timepoints as the dependent variable and the 
group as an independent variable, and covarying for baseline age, 
TIV, and sex.

Using principal component analysis, we examined for any clus-
tering of the hippocampal subfield volumes that was intrinsic to HD. 
The subfields volumes in the pre-HD and symp-HD groups were com-
bined, adjusted for TIV, and standardized for longitudinal repeated 

TA B L E  1  Clinical variables and demographics.

Healthy 
control 
(n = 36)

Pre-HD 
(n = 40)

Symp-HD 
(n = 36)

Age (years)* 42.7 (13.9) 41.8 (9.9) 51.9 (9.4)

Sex 24 F, 12 M 24 F, 16 M 15 F, 21 M

CAG repeat – 42.2 (1.9) 43.0 (2.4)

Disease burden score* – 267.4 (56.5) 382.9 (67.2)

UHDRS motor* – 0.8 (1.2) 19.4 (12.5)

SDMT* 56.3 (10.1) 52.5 (8.8) 35.8 (11.8)

Premorbid IQ 118.0 (9.7) 116.9 (11.2) 113.7 (11.6)

Note: All variables are shown as mean ± SD, except for CAG repeat 
(median ± SD) and gender.
Abbreviations: F, female; HD, Huntington disease; IQ, intelligence 
quotient; M, male; pre-HD, pre-symptomatic HD; SDMT, Symbol 
Digit Modalities Test; symp-HD, symptomatic HD; UHDRS, Unified 
Huntington Disease Rating Scale.
*p < 0.001 for symp-HD vs. pre-HD and symp-HD vs. control.
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measures using the proportion of maximum scaling method [24]. 
Components from standardized volumes were then derived using 
the oblimin method with the loading size of ≥0.4 and Eigenvalue of 
>1. The sum of the component loadings and the subfields volumes 
were used as the dependent variables and subsequently analyzed 
with the equivalent GLMM and GLM that was applied to the indi-
vidual subfield.

To assess for associations with the clinical measures, UHDRS 
motor score in the symp-HD, estimated years to motor onset in the 
pre-HD, and CAG repeat length, DBS, and SDMT in the combined 
symp-HD and pre-HD group were individually included as a predic-
tor of the subfields in GLMM with the subject's intercept and slope 
as random effect. UHDRS, CAG repeat, and SDMT models were ad-
justed for age, TIV, and scan timepoints. DBS and estimated motor 
onset were adjusted for TIV and scan timepoints.

RESULTS

Demographics and clinical characteristics

Symp-HD group were significantly older, had greater DBS, higher 
UHDRS total motor score, and lower SDMT score than pre-HD 
(Table 1). CAG repeat length in the pre-HD and symp-HD participants 

ranged from 39 to 50. Mean estimated time to onset in pre-HD was 
9.3 ± 7.5 years and the duration since first motor symptoms in symp-
HD was 3.4 ± 1.9 years. Pre-HD participants had lower SDMT scores 
than the healthy controls, but their age, sex, and premorbid IQ were 
not significantly different.

Group comparison of hippocampal subfield volumes

The group volume comparisons, which were adjusted for age, multiple 
scan timepoints, TIV, and sex, are shown in Figure 2 and Table 2. Whole 
hippocampal volumes were smaller bilaterally in the symp-HD com-
pared to pre-HD and control groups. In the subfields, bilateral atrophy 
was seen in the presubiculum and tail of symp-HD when compared to 
pre-HD, and in the subiculum when compared to controls. The great-
est volume differences were seen between symp-HD and controls in 
the right presubiculum, and between symp-HD and pre-HD in the left 
presubiculum. There were other unilateral hippocampal subfields re-
ductions in symp-HD compared to pre-HD in the left CA4 and DG, 
compared to controls in the right DG and tail, and compared to both 
groups in the right ML. Enlarged right fissure in symp-HD, when com-
pared to controls, accompanied the atrophy in the subicular, ML, and 
DG regions. Volumes of whole hippocampus or hippocampal subfields 
did not differ significantly between pre-HD and control groups.

F I G U R E  2  Volume comparisons of hippocampal subfields across groups. Group differences in hippocampal subfield volumes are shown 
in t-scores color scales (blue = higher volume in the latter group, yellow-green = lower volume, orange-red = significantly lower volume 
with *pFDR < 0.05). Volume differences were adjusted for multiple scan timepoints, age, sex, total intracranial volume, and the subject's 
volume slope and intercept. The illustrated subfields, as labelled on the left, are separated vertically into three sections and aligned with 
dashed lines. CA, cornu ammonis; DG, dentate gyrus; FDR, false discovery rate; Fim, fimbria; Fis, fissure; L, left; ML, molecular layer; 
Para, parasubiculum; Pre-HD, pre-symptomatic Huntingdon disease; PreS, presubiculum; R, right; Sub, subiculum; Symp-HD, symptomatic 
Huntingdon disease.
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Group comparison of annual rate of hippocampal 
subfield volume change

The annual rate of volume change did not differ in any of the 
hippocampal subfields across the groups after FDR correction 
(Table  S1). Without the correction, symp-HD had a higher annual 
rate of atrophy than pre-HD and control groups in the subiculum 
bilaterally, left presubiculum and fissure, and right fimbria and whole 
hippocampus (unadjusted p < 0.05). Compared to pre-HD, symp-HD 
had a higher atrophy rate in the left whole hippocampus, DG, and 
ML. Pre-HD group had a greater rate of left fissure enlargement than 
controls.

Principal components of hippocampal subfields, their 
volume differences, and annual rate of change in HD

We identified five hippocampal subfield principal components in 
the combined pre-HD and symp-HD group. The first component 
comprised bilateral DG, CA4, CA3, ML, and left CA1, and the 
second included bilateral presubiculum, subiculum, and tail, as 
well as right ML and CA1. These two components accounted for 
51.9% of the total variance. Based on the structural connectivity 
from presubiculum to CA (Figure  1), the first component formed 
the ‘DG-CA collateral subfields’ and the second formed the sub-
icular ‘perforant-pathway subfields’ [12, 25]. The three additional 

TA B L E  2  Group comparisons of hippocampal subfield volumes.

Subfields Healthy control Pre-HD Symp-HD
Group comparisons 
(t-­score)

Right

Whole hippocampus 3782.3 (3675.3–3889.3) 3714.6 (3613.7–3815.4) 3485 (3376–3593.9) C > S (−3.731), P > S (−2.957)

Parasubiculum 62.9 (58.9–67) 59.3 (55.5–63.1) 57.8 (53.7–61.9) –

Presubiculum 319.3 (306.6–332) 305.1 (293.2–316.9) 278 (265.1–290.8) C > S (−4.345), P > S (−2.966)

Subiculum 443.2 (427.3–459) 428.5 (413.6–443.4) 400.1 (384–416.2) C > S (−3.637)

CA1 692 (667.7–716.3) 664 (641.1–686.9) 648.2 (623.5–673) –

CA2-3 244.4 (233.6–255.2) 248 (237.8–258.2) 235.1 (224.1–246.1) –

CA4 309.1 (296.2–322.1) 313.3 (301.2–325.5) 287.5 (274.3–300.6) P > S (−2.766)

Dentate gyrus 342.2 (329.5–354.9) 346.2 (334.2–358.2) 320 (307–333) P > S (−2.841)

Molecular layer 640.1 (618.3–661.8) 633.7 (613.2–654.2) 590.2 (568.1–612.4) C > S (−3.075), P > S (−2.756)

Fimbria 76.2 (69.9–82.5) 71.7 (65.9–77.6) 72.6 (66.2–78.9) –

Fissure 161.4 (151.9–170.8) 172.1 (163.4–180.8) 182.6 (173.1–192) C < S (3.017)

HATA 60.4 (57.8–63) 58.1 (55.7–60.5) 56 (53.4–58.6) –

Tail 592.9 (568.5–617.3) 586.8 (563.9–609.6) 538.5 (513.7–563.2) C > S (−2.989), P > S (−2.741)

Left

Whole hippocampus 3572.4 (3468.4–3676.5) 3576.6 (3478.8–3674.5) 3365.7 (3259.9–3471.5) C > S (−2.666), P > S (−2.803)

Parasubiculum 62.8 (58.7–66.9) 64.5 (60.7–68.4) 61.7 (57.5–65.8) –

Presubiculum 317.5 (305.3–329.8) 329.8 (318.4–341.3) 294.6 (282.2–307) P > S (−3.993)

Subiculum 433.7 (418–449.4) 424.3 (409.6–439.1) 402.4 (386.5–418.4) C > S (−2.675)

CA1 637.2 (614.6–659.8) 635.1 (613.9–656.3) 625.2 (602.3–648.1) –

CA2-3 222.5 (211.7–233.4) 221.5 (211.3–231.7) 209.6 (198.6–220.7) –

CA4 291 (279.7–302.4) 286.6 (276–297.2) 269.6 (258.1–281.1) –

Dentate gyrus 325.2 (313.6–336.8) 319.9 (309–330.8) 302.5 (290.7–314.3) C > S (−2.614)

Molecular layer 606.1 (585–627.1) 606.3 (586.5–626.1) 569.4 (548–590.8) –

Fimbria 82.4 (76.2–88.7) 79.6 (73.8–85.4) 82.6 (76.3–88.9) –

Fissure 165.9 (155.5–176.3) 169 (159.4–178.6) 171.9 (161.5–182.4) –

HATA 56.9 (54.4–59.5) 56.8 (54.4–59.1) 53.7 (51.1–56.3) –

Tail 536.8 (512.1–561.5) 552.3 (529.1–575.4) 494.4 (469.4–519.5) P > S (−3.246)

Note: Standardized mean volumes (95% confidence interval) are shown and adjusted for multiple scan timepoints, age, sex, total intracranial volume, 
and the subject's volume slope and intercept. Pair-group mean comparisons with pFDR < 0.05 are shown in the right column.
Abbreviations: C, healthy control; CA, cornu ammonis; FDR, false discovery rate; HATA, hippocampal–amygdala transitional area; P, pre-symptomatic 
Huntingdon disease (pre-HD); S, symptomatic Huntingdon disease (symp-HD).
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components, which explained an additional 29.1% of the variance 
and comprised HATA, fimbria, parasubiculum, and fissure, were not 
part of the main hippocampal pathway and were excluded from 
further analyses (Table S2).

Compared to pre-HD and controls, symp-HD had lower mean vol-
ume of the perforant-pathway (symp-HD 2543.4 ± 42.8 vs. pre-HD 
2749.8 ± 39.6 vs. controls 2777.6 ± 42.2) and DG-CA collateral sub-
fields (symp-HD 2398.5 ± 43.2 vs. pre-HD 2541.9 ± 40.0 vs. controls 
2546.6 ± 42.5) (see Table S3). Annual rate of volume loss was signifi-
cantly higher only in the perforant-pathway subfields of symp-HD 
when compared to pre-HD and controls (symp-HD −31.6 ± 4.6 vs. 
pre-HD −7.0 ± 4.1 vs. controls −8.2 ± 4.7) (see Figure 3).

Associations of subfields with clinical variables

After adjusting for age and TIV, number of CAG repeats in the 
combined HD group showed significant bilateral associations with 
the whole hippocampus, presubiculum, ML, and tail, and the sub-
icular perforant-pathway subfields. DBS was associated with most 
hippocampal structures bilaterally, except for parasubiculum, 
fimbria, HATA, and left fissure. In pre-HD, motor onset was as-
sociated with the left whole hippocampus and tail, and perforant-
pathway subfields volume. UHDRS motor score and SDMT were 
not significantly associated with any of the hippocampal struc-
tures (Table 3). Further analyses for CAG, DBS, and SDMT in pre-
HD and symp-HD group did not reveal any additional structural 
associations to the combined HD group, except for the CAG re-
peat in pre-HD being only associated with left tail and perforant 
subfields (Table S4).

DISCUSSION

This study evaluates discrete volumes of hippocampal subfields in 
pre-HD and early symp-HD, given prior evidence of hippocampal-
specific impairment in the early stages of HD. We report a selec-
tive reduction in subfield volumes in the symp-HD group, compared 
with pre-HD and controls, comprising tail, presubiculum, subiculum, 
DG, and right ML. Volumes of these subfields aggregate into a sin-
gle principal component, which demonstrates an accelerated rate of 
volume loss during the early symptomatic stage and highlights the 
vulnerability of the afferent and subicular regions in the hippocam-
pal perforant-pathway. Clinically, these implicated subfields are as-
sociated with the CAG repeat length, DBS, and motor onset.

Whole hippocampal atrophy in our early symp-HD cohort is 
consistent with previous studies [4, 9]. In contrast, we did not find 
any volume differences between the pre-HD and matched healthy 
controls in the whole hippocampus or its subfields, which adds to 
the variable reports of hippocampal atrophy in the pre-symptomatic 
stage [5, 9].

The reduced subicular volume in symp-HD compared to controls 
supports previous findings in a postmortem study by Braak et al. 
[10], who coincidingly postulate the involvement of the perforant-
pathway. Although there is a trend of subicular atrophy in symp-HD 
when compared to pre-HD group, greater volume differences in the 
presubiculum, ML, and tail may specify a vulnerability that is intrinsic 
to HD.

The prominent presubiculum and tail atrophy in symp-HD 
supports our hypothesis regarding the selective involvement of 
subfields that mediate visuospatial memory. Deficits in visuo-
spatial memory in early HD have been shown in human studies 

F I G U R E  3  Annual rate of atrophy in the hippocampal components between pre-symptomatic Huntingdon disease (pre-HD) and 
symptomatic Huntingdon disease (symp-HD) groups. Symp-HD had a greater annual rate of volume reduction than pre-HD in perforant-
pathway subfields component (*pFDR < 0.05), but not in DG-CA collateral component. The main hippocampal pathway is shown at the 
bottom. CA, cornu ammonis; DG, dentate gyrus; FDR, false discovery rate; ML, molecular layer; PreS, presubiculum; Sub, subiculum.
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and animal models under comparable testing conditions (e.g., the 
virtual Morris water maze) [7, 8]. In animal models, these testing 
conditions elicit the physiological activation of various hippocam-
pal spatial learning cells, such as the spatial-view, head-direction, 
and grid cells. These cells are postulated to exist in the human 
presubiculum [16, 26, 27]. In the hippocampal tail, our findings of 
atrophy in symp-HD is aligned with a previous study in early HD 
[9]. The hippocampal tail is heterogeneous, containing the caudal 
extension of other subfields from the hippocampal body [27, 28]. 
Differentiation of these subfields in the hippocampal tail is cur-
rently beyond the conventional MRI spatial resolution at clinically 
available field strengths such as 3 T. Nonetheless, the functional 
interconnectivity of the hippocampal tail, presubiculum, and oc-
cipitoparietal region has been demonstrated in humans and ap-
pears to be involved in the cognitive processes of visuospatial 
memory [17].

Molecular layer (ML) atrophy may further contribute to the im-
paired spatial memory in symp-HD. This subfield is enriched with 
inhibitory interneurons that regulate theta rhythm, which heralds 
the online state of spatial learning cells during navigation [13, 29]. 
In HD, aberrant theta activities have been detected in the hippo-
campus and temporal regions, as well as correlated with cognitive 
performance and CAG repeats [30, 31]. Mutant Huntingtin (mHtt) 
aggregates, encoded by an elongated CAG repeat, appear readily 
detectable in ML [32]. Although the relationship between mHtt ag-
gregates and ML interneuronal survival remains unclear, marked loss 
of inhibitory interneurons have been reported in the striatum and 
various cortices [33, 34]. Among the various classes of interneurons, 
striatal parvalbumin interneurons appear to be most affected in HD 
and share similar γ-aminobutyric acid A (GABAA) binding profiles 
(i.e., benzodiazepine-sensitive) to the parvalbumin interneurons in 
presubiculum and ML, where various spatial learning cells have been 
colocated [27, 35–37].

In early HD, mHtt dysregulates endocytosis and recycling of 
various membrane receptors, resulting in toxic gain of function and 
membrane receptors alterations [38]. Within the hippocampus, the 
presence of mHtt aggregates has been associated with reduced 
GABAA, muscarinic 2 (M2), serotonin 1 (5-HT1), and alpha-adrenergic 
2 (α2) receptor densities [39–43]. Topographically, these receptors 
show differential distribution among the subfields in the neurolog-
ically healthy human hippocampi, including high GABAA and M2 
receptor affinities in presubiculum and ML, and 5-HT1A and α2 affin-
ities in ML [37, 44]. This receptor-based topography conforms with 
the pattern of subfield atrophy in our symp-HD individuals and lends 
support to the concept that there is a process of advancing patho-
physiology of mHtt from membrane receptor alterations to neuronal 
death in the hippocampus.

The DG has been evaluated discretely in HD for its role in spa-
tial memory, its pathogenic vulnerability to mHtt, and its capacity 
for neurogenesis [4]. A viral transduction of mHtt into the DG of 
wild-type adult mice is associated with altered gene expression 
in granule cells, and resulted in spatial memory impairment [45]. 
Maturation of DG granule cells is also regulated by inhibitory 

interneurons in its molecular layer [46]. Thus, the atrophy of DG 
in symp-HD may arise from its molecular layer and the granule 
cell layer.

Collectively, the presubiculum, subiculum, tail, and right ML 
volume in our HD cohorts aggregate into a single component. This 
component corresponds to the subicular regions of the perforant-
pathway and contains the hippocampal afferent that stems from the 
entorhinal cortex, perforates through the presubiculum and subicu-
lum, and synapses at the ML of CA1 and DG (Figure 1). Hippocampal 
output originating from the efferent region (CA pyramidal and DG 
granule layer) also projects out to the subiculum [12]. Thus, accel-
erated atrophy in the subicular regions of the perforant-pathway in 
symp-HD involves the main hippocampal connections and may re-
sult in global hippocampal impairment.

Numerous postmortem studies in HD have reported the pres-
ence of pathogenic tau and neurofibrillary tangles in the medial tem-
poral region [47]. The relatively older subject age in these studies 
compared to our cohort, however, suggests that tau may be involved 
in the later stages of the disease. The distribution of tau in the hip-
pocampal subfields is unclear given the lack of systematic evalua-
tion. A postmortem study has observed pathogenic tau staining in 
the CA pyramidal and DG granule cells [48]. Although the volume 
of the DG-CA collateral component is significantly reduced in our 
HD cohorts, the more prominent atrophy in the subicular perforant-
pathway component may primarily diminish the connection and in-
hibition to the DG-CA pyramidal region, leading to deafferentation 
and excessive excitotoxicity [10].

CAG repeat length, which predicts the age of motor onset and 
the rate of functional decline, is associated with whole hippocampal, 
presubiculum, ML, tail, and perforant-pathway subfields volumes 
in our HD cohorts [49]. This association complements the pattern 
of hippocampal subfield atrophy in symp-HD when compared to 
pre-HD. Although the combination of CAG repeat and age in DBS 
has revealed widespread subfields associations, there is a relatively 
stronger relationship with the subiculum and ML, left presubicu-
lum and tail, and subicular perforant-pathway component than the 
other subfields and DG-CA component. These relationships with the 
CAG-based measures further suggest that the hippocampal neuro-
degeneration in early HD may be mediated by mHtt and predom-
inantly affect the presubiculum, subiculum, ML, tail, and subicular 
perforant-pathway region.

Consistent with earlier studies, we found significant associa-
tions between the posterior hippocampal region (i.e., left tail) and 
CAG repeat [4, 9]. Additionally, the left tail was associated with 
motor onset in our pre-HD group. Mutant Htt may preferentially 
exert greater pathogenic effect posteriorly due to its dense my-
elination [25, 50]. Moreover, SDMT and UHDRS motor score are 
not associated with the subfield volume. These measures may 
correlate predominantly with the frontostriatal and other cortical 
regions [2].

This study has several noteworthy limitations. First, the symp-HD 
group does not include matched healthy controls, which limits our 
ability to examine the relationship between the subfield volumes and 
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the independent effect of age in healthy individuals, as well as the 
effect of age–gene size interaction in symp-HD. Secondly, the clas-
sification between pre-HD and symp-HD group is clinically reliant 
on motor symptoms. We did not find any associations between the 
hippocampal subfields and UHDRS motor score. Further evaluation 
using standardized measures that integrate MRI data and measures of 
motor and other neurocognitive symptoms may offer more homoge-
nous comparisons of hippocampal subfields across different studies 
in the future. Nevertheless, our post-hoc analyses using a novel HD 
integrated staging system have revealed comparable results to the 
IMAGE-HD group classification (Figure S1, Tables S5, and S6). Finally, 
there is a significant gap in translating the structural findings in our 
study as measures of visuospatial memory are not available.

In conclusion, the differential pattern of hippocampal subfield 
atrophy seen in our early motor symptomatic group is consistent 
with the known cellular pathophysiology in HD, specifically the ef-
fect of mutant Huntingtin on vulnerable regions in the hippocam-
pus. Functionally, atrophy in these structures may contribute to 
hippocampal dysfunction, including visuospatial memory impair-
ment, in early HD. Further cognitive and pathological evaluations of 
the hippocampal subfields are critical for confirming our findings. 
Nonetheless, automated MRI hippocampal segmentation can be 
readily implemented and provide a practical approach for translating 
the functional and structural findings from HD experimental animal 
models to humans, and represent a potential tool for monitoring out-
comes of disease-modifying treatments.
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