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Background and Purpose: Progressive Multifocal Leukoencephalopathy (PML) is a demyelinating disease of white matter, 
primarily affecting immunocompromised patients. PML survivors often experience disability marked by ataxia and balance deficits. 
Rehabilitation research for this population is limited. This case report describes the design, application, and efficacy of a balance 
rehabilitation program for a patient with PML.
Case Description: A 62-year-old male with a history of HIV-associated PML presented with lesions in the left occipital lobe and left 
cerebellum on MRI. Computerized Dynamic Posturography (CDP) revealed deficits in visual and vestibular sensory integration, limits 
of stability, and perturbation recovery.
Intervention: The intervention combined CDP-based training with overground and home exercise components. Nine balance training 
sessions were completed over 5 weeks. Sessions were tailored to the patient’s deficits and progressively adjusted for intensity and 
focus based on the patient’s performance.
Outcomes: Post-intervention testing demonstrated measurable improvements and reduction of risk for falling in the following 
outcomes: 1) Mini-Best test 23/28 (pre) increased to 27/28 (post), 2) Sensory Organization Test composite equilibrium score 29 (pre) 
increased to 51 (post), and 3) Limits of Stability maximal excursion improved by over 20% in the forward and left directions. The 
patient also reported improvements in balance-related confidence, with an Activities-specific Balance Confidence Scale score that 
increased from 65.6% (pre) to 69.4% (post).
Discussion: Analysis of posturography data guided the design of a personalized balance intervention integrating CDP, overground 
training, and home exercise. The patient’s positive response to this targeted, precision approach underscores the potential for 
meaningful balance improvements in individuals with PML, even in the presence of cerebellar damage.
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Introduction
Progressive Multifocal Leukoencephalopathy (PML) is a viral infection of the central nervous system, resulting in 
demyelination of the white matter. PML primarily affects immunocompromised patients and is often associated with 
human immunodeficiency virus (HIV). HIV-associated classic PML is commonly seen when Cluster of Differentiation 4 
(CD4) cell counts present below 200 cells/μL.1 At the height of the AIDS pandemic, as many as 5% of people living with 
HIV developed PML. While often fatal without treatment, the growing prevalence of Antiretroviral Therapy (ART) has 
increased the 1-year survival rate for patients with HIV and PML from 10% to 50%.2

Depending on the part of the brain affected by PML, long-term survivors may present with cognitive impairments, 
motor deficits, sensory deficits, limb and gait ataxia, and visual symptoms including visual field deficits such as 
homonymous hemianopia, blurred vision, or diplopia.1,3–7 Although a handful of cases describe improvements in 
functional outcomes post-rehabilitation, literature surrounding specific interventions for this population remains 
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sparse.3,4,8 When it comes to the effects of balance rehabilitation, much research has been done in neurological9 and 
vestibular populations10 however, we found no such studies in PML.

In PML, disruption of white matter pathways involved in sensory processing may contribute to deficits in multi
sensory integration that impair balance and postural control. Therefore, addressing the components of postural control 
may serve as a valuable rehabilitation strategy for individuals with PML. Balance deficits have a direct impact on 
function in an individual’s day-to-day environment.11 Technology such as computerized dynamic posturography (CDP) 
can precisely identify balance-related impairments that may otherwise be difficult to measure in detail using traditional 
balance assessments.12 The precision of CDP data combined with the use of virtual-reality affords physical therapists the 
opportunity to design tailored interventions for patients. CDP can be used as both an assessment and training modality 
and has been shown to be effective in a variety of patient groups including older adults and people with vestibular13,14 

and cerebellar dysfunction.15 In PML, as seen in other cerebellar16 and demyelinating diseases,17 the consolidation of 
motor learning is largely dependent on high task intensity and number of repetitions. CDP enables repetitive and 
intensive training through its immersive virtual environment while ensuring patient safety via its harness support system.

This case study describes the use of CDP to quantify and treat subtle impairments in a patient with PML who had 
plateaued in terms of balance improvements following a traditional rehabilitation program. We developed and assessed 
the efficacy of a 5-week balance intervention utilizing CDP-based immersive virtual reality training in conjunction with 
overground dynamic gait training, and a home exercise program.

Case Description
The subject of this case is a 62-year-old male diagnosed with HIV in 2019. He started ART in February 2020, with a CD4 
count of < 50 cells/μL (normal range: > 500 cells/μL),18 and was diagnosed with PML in January 2021 (Figure 1). An 
initial MRI revealed lesions in the left cerebellum and left occipital lobe. His symptoms at the time included slurred 
speech, hand clumsiness, changes in handwriting, unsteady gait with a history of falls, difficulty swallowing, and 
binocular diplopia. It should be noted that ART may further alter balance by subtly reducing the ability to detect sensory 
input, thereby impairing sensory feedback needed for postural control.19

Before incorporating CDP into his treatment plan, the patient had received traditional outpatient physical therapy for 
several months, which focused on balance and gait training using a robotic body weight support system, progressive 
functional strengthening exercises, and a community-based program that included treadmill training and aquatic therapy. 
Over this period, he showed significant progress, improving from using a two-wheeled walker to walking independently. 
Despite these improvements, the patient continued to have difficulty utilizing visual-perceptual spatial processing and 
dual-tasking skills to navigate dynamic environments while maintaining balance.

Although he did not report any falls, the patient expressed concern that these persistent challenges were impacting his 
quality of life. Specifically, he reported difficulty maintaining balance while navigating his busy outdoor market work
place, particularly when walking on uneven surfaces, avoiding crowds, and carrying items. This prompted his physical 
therapist to explore alternative treatment approaches to further improve his postural control. To address these ongoing 
deficits, CDP was introduced to identify subtle impairments in postural control.

Figure 1 Timeline of diagnosis, disease progression, and rehabilitation interventions. The patient initially completed a traditional program consisting of in-clinic overground 
therapy and a home exercise program. This was followed by a precision rehabilitation program incorporating CDP. In this phase, CDP assessment results guided the 
intervention plan, including virtual reality-based training, overground in-clinic therapy, and the home exercise program.
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CDP assesses the sensory systems underlying balance, including the vestibular, visual, and somatosensory systems. It 
identifies deficits in these systems and evaluates functional responses to perturbations, such as rapid changes in support 
surface and the ability to shift one’s weight in multiple directions. By characterizing specific impairments, CDP can 
inform targeted exercise interventions to improve balance.12 As supported in the literature, CDP serves as a useful 
clinical tool for guiding the management of balance disorders.13–17

This case study examines the patient’s progress after CDP was added to his existing rehabilitation program. The 
primary goals when CDP was introduced were to enhance his confidence in his balance and improve his balance skills, 
particularly in the context of daily activities at home and work.

Initial Assessment
The initial balance assessment included the Mini Balance Evaluation Systems Test (Mini-BEST),20 Activities-Specific 
Balance Confidence Scale (ABC),21 horizontal dynamic visual acuity (hDVA), and CDP. The NeuroCom InVision 
software (version 8.4.0) was used for testing minimum perception time and hDVA (NeuroCom, previously Natus, 
INC; Clackamas, OR). CDP assessments included the Sensory Organization Test (SOT), Motor Control Test (MCT), 
Adaptation Test (ADT), and Limits of Stability (LOS) conducted on the Bertec Balance Advantage CDP/IVR™® (Bertec 
Corporation; Columbus, OH). Lower extremity muscle strength and joint range of motion were also assessed and found 
to be within normal limits. Before any assessments were initiated, the patient provided informed consent to participate in 
the case study and for the publication of details and images related to his case. The study (13-N-0017: Natural History 
Study of Progressive Multifocal Leukoencephalopathy) was approved by the National Institutes of Health Institutional 
Review Board. This case report was conducted under this approved protocol, which permits analysis and publication of 
de-identified participant data.

The patient scored 65.6% out of 100% on the ABC. His Mini-BEST score of 23/28 declined from his score of 27/28, 
2 years prior. Declines were seen across all subscores except Reactive Postural Control, with the greatest decline being 
a 2-point decrease in Sensory Orientation (6/6, 2 years prior versus 4/6 at initial assessment).

The hDVA is a functional measure of visual acuity during horizontal head motion. It quantifies how much visual 
acuity is lost during head movements in comparison to the individual’s static visual acuity. Prior to testing hDVA, the 
prerequisite minimum perception time (the time that it takes for the brain to recognize the image) was assessed at 20 
msec. With an average head movement at 85 degrees per second, the patient lost 0.45 logMar in the left eye and 0.67 
logMar in the right eye.

The SOT quantifies the relative contributions of the somatosensory, visual, and vestibular systems in maintaining 
postural control. The test also analyzes the use of balance strategies and the position of the person’s center of gravity 
(COG). Jacobson et al provides a detailed description of the SOT12 The patient’s composite equilibrium score was 29, 
which is below age-matched normative values and falls below the established fall-risk threshold of 38.22 Baseline 
equilibrium scores for conditions 1–3 were at or near normal limits. In contrast, the patient was unable to maintain 
balance during conditions 4–6, which involve a sway-referenced support surface. Because the patient “fell” on each trial 
during conditions 4–6, vestibular and visual sensory integration scores were zero. His COG was misaligned, remaining 
consistently forward of neutral. Strategy analysis indicated a predominant reliance on hip strategies, especially during 
conditions 4–6, suggesting difficulty using ankle strategies in response to surface perturbations.

The MCT and ADT assess automatic postural control. While perturbations in the Reactive Postural Control section of 
the Mini-BEST are delivered manually by the physical therapist, the MCT and ADT delivers perturbations via 
unexpected movements of the CDP forceplate. On the MCT, his postural responses were within normal limits. 
However, his ADT results were abnormal.

Voluntary, goal-directed postural control was assessed using the LOS Test. During this test, the patient shifts their 
COG toward the edges of their cone of stability, which is represented by eight targets displayed on an immersive virtual 
reality screen. He had difficulty maintaining a neutral start position and controlling the translation of his COG toward the 
targets, particularly in the rightward and backward directions. He visibly struggled with posterior and right-side weight 
shifting, often unsuccessfully using the hip strategy in attempts to shift his center of gravity.
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Intervention
A balance intervention was designed to target the specific deficits that were identified in the baseline assessment: 
impaired multisensory integration, misaligned COG, inappropriate balance strategy selection, decreased limits of stability 
(voluntary postural control), deficits in perturbation recovery (automatic postural control), and impaired gaze stabiliza
tion. The patient attended nine physical therapy sessions over 5 weeks. Each session consisted of balance training 
utilizing CDP, overground balance training, and reviewing the home exercise program.

CDP was used to train neutral COG alignment, weight shifting focused on using ankle strategy, perturbation recovery, 
and sensory re-weighting to optimize the use of vestibular and visual inputs. The immersive virtual environment of the 
CDP allows the clinician to change the scene, ranging from a blank wall to dynamic visual flow scenes. The COG cursor, 
target, and gridlines provide visual feedback on movement quality (Figure 2). Given the patient’s marked instability 
during sway-referenced SOT conditions (4–6), sway-referenced training was introduced early, as soon as the patient 
demonstrated the ability to identify and maintain neutral alignment. This approach aimed to improve balance when 
somatosensory input was unreliable. Training progression and parameters are detailed in Appendix A.

Overground training was designed to promote carryover of CDP-based improvements into functional mobility. 
Interventions including neuromuscular re-education, core-stability training, vestibulo-ocular reflex training, and weight 
shifting in static standing, were selected to address impaired postural control, gaze stability, and sensory integration 
observed during the baseline assessment. These activities were progressively incorporated into dynamic functional tasks 
such as ambulation and retrieving objects from various heights to challenge balance in real-world conditions.

The home exercise program reinforced clinic-based interventions and targeted the same underlying impairments. 
Exercises included sit-to-stand transfers for functional strengthening, core stabilization to support postural control, 
limits of stability training to improve controlled weight shifting, dual-task activities to challenge attentional demands, 
and metronome-paced VOR exercises to improve gaze stabilization. Exercise difficulty was progressed at each visit to 
align with the patient’s improving balance and sensory integration. Details of overground and home exercises are in 
Appendix A.

Figure 2 (Left) Sway-referenced platform training with an immersive visual flow scene (low central density, medium peripheral density, high contrast) to promote sensory 
reweighting. Platform motion reduces somatosensory reliability, while the visual environment can be manipulated to challenge visual dependence, increasing reliance on 
vestibular and visual inputs. The center of gravity (COG) cursor (blue sphere) is controlled by the patient’s weight shifts. Navigable obstacles (static or dynamic) can be 
added to the scene. The black arc provides real-time feedback to aid in motor planning. (Right) Limits of stability (LOS) training using a customizable elliptical grid with 
posterior targets. After the patient establishes a neutral starting position (green circle), a “go” cue appears as the target changes from dark to light blue, prompting 
movement. The COG cursor (yellow cross) reflects real-time position during quiet stance and weight shifting toward the target. Performance goals are used to set and 
adjust grid boundaries.
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Outcomes
Mini-BEST and ABC
Improvements were seen in the total Mini-BEST score, as well as the sensory organization and anticipatory postural 
control subscores. The patient’s confidence in maintaining his balance during functional tasks improved, meeting one of 
his personal goals (Figure 3).

Sensory Organization Test
An increase in the patient’s Mini-BEST Sensory Orientation subscore was consistent with his SOT results showing 
improvement in use of visual and vestibular information for postural control (Figure 4). The SOT composite equilibrium 
score, also shown in Figure 4, increased from 29 to 51 post-intervention, suggesting a reduction in risk of fall (ROF). He 
demonstrated the greatest improvement on the sway-referenced conditions (C4–C6). He completed 7/9 trials on C4–C6 
without losing his balance, compared to 0/9 trials on the initial assessment. Trial times (i.e., time to fall) improved 
between baseline and post-intervention. During the post-intervention assessment, the patient demonstrated increased use 
of ankle strategies to maintain balance during C4–C6. In contrast, at baseline, he was unable to employ appropriate 
balance strategies and fell almost immediately following the initiation of force plate motion. Additionally, there was 
a slight improvement in the patient’s COG position (see Supplemental Figure 1 for additional details).

Automatic Postural Control
The patient scored 6/6 on the Reactive Postural Control section of the Mini-BEST post-intervention (Figure 3). On the 
MCT, post-intervention latency times showed a slight increase from 152 msec to 159 msec. The patient demonstrates 
a persistent weight bearing bias to the left, which was difficult to correct with coaching. This asymmetrical alignment 
contributed to the observed increase in composite latency times.23,24

ADT results post-intervention showed improvement for the toes-up condition (Figure 5), reflecting improved ability 
to centrally adapt to perturbations that occur in that direction. Figure 5 also shows a decrease in variability of raw data 
traces in the toes-down conditions post-intervention, which indicates more consistent control of postural sway to 
maintain quiet standing as the force plate is returned to the start position.

Voluntary Postural Control
LOS performance improvements were corroborated by a one-point increase in his Mini-BEST anticipatory subscore. His 
post-intervention COG traces shown in Figure 6 illustrate improvements in directional control and maximal excursion in 

Figure 3 Activities-specific Balance Confidence (ABC) Scale and Mini Balance Evaluation Systems Test (Mini-BEST) total and subscale scores (anticipatory, reactive postural 
control, sensory orientation, and dynamic gait) at baseline and post-intervention. The ABC scale showed slight improvement. Mini-BEST scores improved primarily in the 
anticipatory and sensory orientation subscales, while reactive postural control and dynamic gait remained unchanged.
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Figure 4 Sensory Organization Test (SOT) results at baseline (left) and post-intervention (right) with equilibrium scores for each of the six conditions (“FA” = fall), sensory score ratios, trial times, strategy analysis, and center of gravity 
(COG) alignment at the start of each trial. Gray bars indicate age-based normative values; green bars indicate values within norms; red bars indicate values outside norms. At baseline, balance was not maintained following force plate 
motion, with short trial durations. Trial times increased from baseline to post-intervention. Strategy analysis indicated greater reliance on hip strategy at baseline and increased use of ankle strategy post-intervention. COG alignment was 
slightly forward at baseline and improved marginally post-intervention.
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Figure 5 Adaptation Test (ADT) results at baseline (left) and post-intervention (right). Gray bars represent age-adjusted normative data, green indicates scores within normal range and red represents abnormal performance. Center of 
gravity (COG) tracings are color-coded by trial. Post-intervention, performance in the toes up condition improved toward age-matched norms. In the toes down condition, sway energy remained elevated but declined progressively 
across trials (versus irregular baseline performance). Recovery responses, reflected in the COG tracings, appeared more consistent post-intervention.
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several directions. Directional control increased more than 10% in five out of eight target directions and his maximum 
excursion increased by over 20% in the forward and left directions as reflected in more distinct traces. Deficits remained 
in his ability to move backward. His ability to maintain a neutral starting position improved following intervention.

Patient-Reported Outcome Measures: Adherence and Balance Confidence
The patient attended all sessions and demonstrated high adherence to the home exercise program. His feedback guided 
adjustments to the exercise plan. He was highly motivated and supported by his partner.

In addition to an increase in his ABC score, his subjective remarks described greater ease in walking up inclines and 
stairs, and through busy areas.

“I gained strength and confidence to overcome fears walking in crowds and walking near children. The best example at home 
was my ability to come down stairs more naturally. I remember my cousin watching me as I descended the stairs and he said, 
wow, look at you!” 

The patient’s partner reported that the patient had become less likely to grab on to household objects for stability, a motor 
behavior that was common prior to the intervention.

Discussion
The objective of this case report was to develop and assess the efficacy of a 5-week balance intervention for a 62-year-old 
patient with HIV-related PML. Our intervention integrated CDP-based training, overground training, and targeted home 
exercises. Over nine sessions, the patient showed meaningful improvements in voluntary and automatic postural 
responses, sensory organization, and balance confidence. Our results support the fundamental role of precision rehabi
litation in optimizing function for individuals living with a disability.25

The patient’s most recent MRI showed stable lesions, notably in the left occipital lobe and left cerebellum. Deficits in 
processing visual cues and relaying visual information necessary for maintaining balance are consistent with occipital 
lobe damage.26 Cerebellar dysfunction is reflected by increased postural sway, difficulties in sensory integration, and 
instability in goal-directed movements.27 Given the cerebellum’s crucial role in motor learning, it was historically 
postulated that individuals with cerebellar damage may get limited benefit from physical therapy.28 However, more 
recent literature suggests the contrary.29 While research specifically examining neurological and functional deficits in 
PML remains limited, evidence from related neurological populations provides supportive insights into mechanisms of 
sensory integration and motor learning. These findings should be interpreted with caution when applied to PML, given 
differences in underlying pathology. Our findings align with this broader body of literature and highlight the importance 
of applying neuroplasticity-based, data-driven, and targeted intervention strategies.

Improvements seen in the post-intervention assessments suggest a decrease in ROF. The patient initially scored 65.6% 
on the ABC, which is associated with an increased ROF. Post-intervention, his score improved to 69.4%, which is above 

Figure 6 Limits of Stability (LOS) tracings and scores for eight directions at baseline (left) and post-intervention (right). Measures include reaction time (RT), movement 
velocity (MVL), endpoint excursion (EPE; initial movement reflecting confidence), maximum excursion (MXE; maximal safe COG displacement reflecting true stability limits), 
and directional control (DCL; movement accuracy toward the target). Post-intervention measures improved in the forward and lateral directions, while limitations remained 
for backwards movements.
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the predictive fall cut-off score of 67%.30 His SOT composite score improved from 28 points pre-intervention to 51 
points post-intervention, exceeding the minimum detectable change (MDC) of 6.52 points.14 This increase in his score 
placed him above the 38-point threshold considered to be the cutoff for increased ROF.21 Improvements in the patient’s 
responses to toes-up rotational perturbations on the ADT also suggest a decrease in ROF.31 The patient’s score on the 
Mini-BEST, although not below the fall cut score of 16/2832 on initial assessment, increased from 23/28 to 27/28, 
indicating an improvement beyond the minimal important change (MIC) of 4 for Mini-BEST.33 Last, the patient’s and his 
partner’s subjective descriptions of the patient’s mobility and motor behaviors post-treatment further suggest a decreased 
ROF. The patient described greater ease in walking up inclines and through busy areas. His partner also observed that the 
patient became less likely to grab on to household objects for stability, a motor behavior that is commonly seen in 
individuals with a history of falls or poor balance.34

During the course of the intervention, deficits in the patient’s ability to maintain his balance in the immersive virtual 
environment of the CDP prompted assessment of his hDVA. The patient’s acuity loss (left DVA loss 0.189, right DVA 
loss 0.202) was greater than that of healthy older adults.35 This likely contributed to his inability to maintain his balance 
within the community. To address these deficits, evidenced-based vestibulo-ocular reflex (VOR) exercises were incorpo
rated into his intervention plan.36 Unfortunately, we were unable to perform a post-intervention DVA assessment due to 
unforeseen circumstances.

The individualized approach to developing a successful and precise balance training program was based on assess
ment results. CDP identified specific postural control deficits and offered the physical therapist specific rehabilitation 
targets. Individuals with mild to moderate balance deficits may be able to compensate, at least partially, during 
conventional balance testing because of the ability of the visual system to “anchor” vertical and horizontal reference 
points.37 Training in the CDP allows the clinician to eliminate these anchors and better control the visual environment. 
CDP has been shown to be more sensitive in detecting balance deficits than traditional clinical assessments.24,38

A three-pronged training approach was utilized: CDP training with immersive virtual reality, overground functional 
training, and a customized home exercise program. A multimodal approach to balance training has been shown to be 
effective in other neurological disorders.39,40 David et al and Keshner et al highlighted the usefulness of combining 
forceplate and virtual reality–based interventions with functional activities.13,41 Additionally, regularly practicing motor 
skills with a customized home exercise program is crucial and has been consistently shown to improve outcomes.42,43 

The balance training program was developed and supervised by a team of three physical therapists specializing in 
neurological rehabilitation. This collaborative approach led to improved problem solving through the sharing of knowl
edge. Although the value of intradisciplinary practice in physical therapy is rarely discussed in the literature, the benefits 
should be considered, particularly in complex cases.

There are barriers to replicating this method of assessment and training. The cost and training required for the use of 
CDP technology may limit its utilization in the clinic. Additionally, hesitancy to use new technology by both patients and 
clinicians can hinder integration into routine care.44 Insurance limitations on the number of physical therapy visits may 
be another barrier. In this case, the patient was able to show meaningful improvement after only nine visits. However, 
patients with cerebellar dysfunction may require longer episodes of care.45,46 Single-subject study designs such as this 
case inherently limit generalizability and causal inference. However, research in neurological and balance rehabilitation 
is challenging due to heterogeneity in patient populations, impairments, and inconsistencies in reporting training 
variables.47 In this context, baseline and repeated assessments in a single-subject design allow clinicians to develop 
targeted interventions and systematically document outcomes.48,49 Although the absence of a control condition or 
baseline stability phase prevents definitive attribution of observed improvements to the intervention, establishing such 
controls in rehabilitation settings can be challenging due to ethical concerns (eg, withholding treatment), variability in 
patient presentation, and the need for individualized interventions. Long-term follow-up assessments would allow 
evaluation of the durability of improvements; however, this was not possible due to unforeseen patient circumstances.

Conclusions
CDP identified specific balance deficits that conformed with neurological lesions in a patient with PML that would not 
have been evident with conventional clinical tests alone. The detailed balance assessment allowed for the development of 
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a personalized and precise balance intervention integrating CDP, overground training, and home exercise. Over nine 
sessions, the patient showed meaningful improvements. Given the single-case design, these findings should be interpreted 
cautiously and do not establish causality. Rather, this case highlights the potential utility of a precision-based rehabilita
tion approach and suggests that balance improvements may be achievable in individuals with PML despite cerebellar 
involvement. Further research with larger, controlled studies and follow-up assessments is needed to confirm the 
durability and specificity of the outcomes.
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